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Foreword

The present survey is a step in a series of actions of the Institute for Prospective Technological
Studies (IPTS) aiming at supporting current legislative work of the European Commission in the
field of waste management.

The first phase of the overall project (phase i) consisted in surveying who is doing what on the
technology for the recycling of plastics waste into chemical feedstocks (project i.1), for the recycling
of plastics waste by chemolysis (project i.1.a), for the recycling of plastics waste by mechanical
recycling (project i.2) and for the valorisation of plastics waste by incineration with energy
recovery (project i.3). Additionally, projects i.4 provided a preliminary systems analysis and a
survey of activities in the fields of legislation and policy making for plastics waste management.

This survey is the final report of projecti.l.a.. We hope it will be helpful.

IPTS
May 1996
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1. Project description

Prospective technological study on materials/chemical-feedstock recycling and energy
recovery from municipal plastics waste

11 Background and scope

The Institute for Prospective Technological Studies (IPTS) has been asked by DG XI-C3 of the European
Commission to investigate the technological prospects of plastics recycling. The overall scope of the
activity is to support current legislative efforts of the Commission with reliable background information
on the prevailing technological trends.

The expected results refer to the evaluation of the long-term development potential of emerging
technological options, approximately up to the year 2010. The main focus is the specification of promising
technology targets. These targets will be explored with reference to the evolution of their key techno-
economic parameters, e.g. the time needed for their development and their commercial availability, the
characteristics of the recycled products, investment and operating costs, energy efficiency and
environmental impacts. The assessment of market penetration potential is beyond the scope of the study.

The institutional mission of IPTS is to perform studies on strategic technology issues under its
"Technology Watch" mandate in the frame of ESTO, the European Science and Technology Observatory.
In this context, and on the basis of the expected study results, IPTS will continue to advise policy makers
by monitoring and evaluating important technological breakthroughs in the field of plastics waste
management.

12 Technology options

The study will cover all technological options allowing material recycling and energy recovery from
municipal plastic wastes. The following are the main technology targets considered so far:

Feedstock Recycling : Petrochemical feedstock recycling (e.g. pyrolysis, hydrogenation, gasification)
and chemolysis processes (e.g. hydrolysis, glycolysis, methanolysis, etc...).

Mechanical Recycling : Separation, compatibilisation, remelting and extrusion techniques.

Energy Recovery : Mono- and co-combustion techniques will be investigated in full detail. Large scale
municipal waste combustion is the subject of a separate study and therefore will not be thoroughly
treated here.

1.3 Time schedule and approach of the study

At the beginning of the project several thematic surveys of current industrial activities will describe the
present state of plastics waste treatment processes (June-October 1994). Further consultation of experts
will allow us to analyse the results of the surveys and identify the promising new technological
developments as well as the expected evolution of their key techno-economic parameters (October 1994 -
March 1995). A Group of Experts gathered in Seville in November 1995 to discuss the “Technology
Options for Plastics Waste Management”. The Proceedings, presenting the lessons from the project, were
reviewed by the Group of Experts and are available.
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2. Scope of the present survey

We present in this paper the compilation of the information obtained after the circulation of our preliminary
survey of who is doing what in plastics recycling by chemolysis in the world.

The information is categorised according to the various technology options and actors identified to date. In
each case a brief presentation of the actor is followed by a summary of the available information on its main
achievements and an outline of its current and scheduled R&D activities in the field of plastics recycling
into chemical feedstocks.

The scope of this report is to publish the updated information profiles after the feedback received in
response to the circulation of our preliminary surveys.

Parallel surveys and actions were carried out on feedstock recycling processes (project ii.1); collection,
sorting, mechanical recycling (project ii.2); energy recovery from plastics wastes (project ii.3) as well as on
systems analysis, legislation and the conception of plastics recycling policy options (projects ii.4a and ii.4b).
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3. Companies, organizations and authorities identified

and contacted.

The following list summarises the potential contacts we have identified to date on the basis of the
literature available. One of the main tasks of the project is to update and refine this list.

For the time being we begin by sending this survey to all the experts, organisations, authorities
and companies listed below. We will be glad to send additional copies to any other experts

indicated to us.

a. Actors directly referred to in the present survey

Recycling of PET and other polyesters

Methanolysis:

Hoechst Celanese Corporation, USA
DuPont, USA

Eastman Chemical Company, USA
Coca Cola , USA and Belgium

Glycolysis:

Zimmer AG, Germany

DuPont , USA and Switzerland

Hoechst Celanese, USA

Hoechst, Germany

National Chiao Tung University, Taiwan
Shell, Great Britain and the Netherlands
Goodyear Tire & Rubber Co, USA
Freeman Chemical, USA

Aldol Chemical Company, USA

Dacron , USA

Hydrolysis

Tohoku University, Japan

Smorgon Consolidated Industries, Australia
John Brown Deutsche Engineering, Germany

Transesterification

Oxid, USA
Synergistic Industries, Québec
Sherwin Williams, USA

Contact persons

M. Sofman
J. Lohr; B. Gracon
D. Cornell
J. Rees, I. Roberts

J. Seelig

J. Lohr; B. Gracon

M. Sofman

W. Pretzer

C.F.Ou

M. Dennison; A. Reinink, T. Persinger
S. Baugham; R. Oblath

D. Gintis

T. Yoshioda
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Thermal decomposition

Industrial Research Institute, Shikoku, Japan

Neutral hydrolysis

Institute of Chemical Fibers, Lodz, Poland

Polytechnic University, USA

Saponification

Technochim Engineering, France
Institut Frangais du Pétrole, France

Recycling of polyurethanes

Hydrolysis

Fraunhofer Institut fiir Chemische Technologie, Germany

Dow Chemical Company, USA
General Motors Corporation, USA
Bayer AG, Germany

Hydroglycolysis

Glycolysis

Bayer AG, Germany
Sumitomo Bayer Urethane Co, Japan
Miles Inc., USA

ICI polyurethanes, USA, The Netherlands and Belgium

BASF AG, Germany
Universita di Padova, Italy
Krauss-Maffei GmbH, Germany

T. Kitamura

A. Michalski
G. Tesoro

J. Benzaria
F. Dawans

M. Bohn
H. van der Wal; W. Farrissey; F. Mark

W. Rasshofer

W. Rasshofer

Greg Phillips, Denis Hicks
H. Wanjek; E. Ropte

F. Simijoni

J.-J. Hértel

Scientific Research Institute of Elastomeric Materials and Articles, Russia

Pioneer West Associates, USA

Rapra Technology, Great Britain
ISOPA, Belgium

Dow Benelux N. V., The Netherlands
Upjohn Corp., USA

Ford Motor Company, USA and Great Britain

Pebra, Germany
Regra, Germany

Aminolysis

S. Gorman

B. Willoughby

C. Bastian

H. van der Wal; W. Farrissey; F. Mark

G. Lang
M. Kugler
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Universita di Padova, Italy

Bayer AG, Germany

Tandem chemolysis

Dow Benelux N. V., The Netherlands

Recycling of nylon and other polyamides

Hydrolysis

BASF AG, Germany

National Renewable Resource Laboratory (DoE), USA
Allied Signal, USA

Zimmer AG, Germany

Snia Tecnopolimeri, Italy

Ammonolysis

DuPont, USA and Switzerland

Recycling of polyacetals

Glycolysis

Hoechst, Germany
Dupont, USA and Switzerland

Pyrolysis

Hoechst, Germany
Dupont, USA and Switzerland

F. Simioni

W. Rasshofer

H. van der Wal; W. Farrissey; F. Mark

H. Wanjek; E. Ropte

]. Seelig

V. Williams; B. Gracon; J. Lohr

W. Pretzer; J. Bordado
V. Williams; B. Gracon; J. Lohr

W. Pretzer; J. Bordado
V. Williams; B. Gracon; J. Lohr
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Recycling of polycarbonate

Hydrolysis

Bayer AG, Germany P. Orth

Recycling of cellulose

Enzymatic hydrolysis

University of Lund, Sweden F. Tjerneld

Supercritical hydrolysis
Methanolysis

Recycling of acrylics

Pyrolysis
Atochem, France M. Gervason; P. Gloriod; A. Jean
Para-Chemie (Degussa), Germany
ICI, UK R. Marbrow

Recycling of polystyrene

Pyrolysis

Sanyo Electric Company, Japan

b. Companies not directly referred to in the present survey

Amoco Chemical Co, USA
Borealis, Finland

Ciba-Geigy AG, Switzerland
DSM Polymers, The Netherlands
Elf Atochem, France
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Enichem SpA, Italy
Enviroplastics, USA

EVC Ltd, GB

Fina Research, Belgium
Hydro Porsgrunn, Norway
Hiils AG, Germany

INOAC Corp., Japan

Kaneka Belgium NV, Belgium
Nippo Ltd, Japan

OMW AG , Austria
Rhéne-Poulenc Recherche, France
Sanwa Kako Co Ltd, Japan
Solvay SA, Belgium

Statoil, Norway

Texaco, USA

c. National and international organisations and other actors

Ademe, France

American Plastics Council (APC), USA

APME, Belgium

Aristotle University of Thessaloniki, Greece

Association of Petrochemical Producers of Europe, Belgium

Association pour la Promotion de I'Elimination Technique, France
Assoplast, Italy

Belgian Packaging Institute, Belgium

British Plastics Federation, Great Britain

CEFIC, Belgium

Centre for Social & Economic Research on Global Environment (CSRGE), Great Britain
Duales System Deutschland, Germany

Eco-Emballages SA, France

Euromap, Belgium

European Federation of Waste Management (FEAD), Belgium
European Recovery and Recycling Association, Belgium

European Environmental Bureau (EEB), Belgium

Fédération Francaise de la Récupération pour la Gestion Industrielle de
I'Environnement et du Recyclage (FEDEREC), France

Fédération Nationale des Activités du Déchet et de I' Environnement, France
Franklin Associates Ltd, USA

Fraunhofer Inst. fiir Lebensmitteltechnologie und Verpackung-ILV, Germany
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Fraunhofer Institut fiir System und Innovationsforschung (ISI), Germany
Istituto Guido Donegani, Italy

Miljebalans, Sweden

Nederlandse federatie voor Kunststoffen (NFK), The Netherlands
Network for Environmental Technology Transfer (NETT), Belgium
OECD, France

Open University, Great Britain

Partnership for Plastics Progress, USA

Plastic Waste Management Institute, Japan

PolyUrethanes Recycle & Recovery Council, USA

Replastic, Italy

Réseau Coopératif de Recherche sur les Déchets, France
Samarbeidsradet for Emballsje og Miljo, Matforsk, Norway
Sofres, France

Spanish Plastics Federation (ANAIP), Spain

Stiching Verpacking en Milieu, The Netherlands

Sveriges Plastforbund, Sweden

Tellus Institute, USA

The Freedonia Group Inc., USA

Umsicht Institut fiir Umwelt- und Sicherheitstechnik e.V., Germany
Unionplast, Italy

Université de Lyon, France

University of Lund, Sweden

Utrecht University, The Netherlands

Valorplast, France

Verband Kunstofferzeugende Industrie e. V. (VKE), Germany

¢. Public authorities

Department of the Environment, Ireland
Department of the Environment, UK
Environment Ministry, Austria
Environment Ministry, Belgium
Environment Ministry, Denmark
Environment Ministry, Finland
Environment Ministry, France
Environment Ministry, Greece
Environment Ministry, Norway
Environment Ministry, Italy

Environment Ministry, Portugal
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Environment Ministry, Spain

Environment Ministry, Sweden

Environment Ministry, Switzerland

European Commission, Belgium

Ministry of Housing, Physical Planning and the Environment (VROM), The Netherlands
Ministry of Industry, Mail and Telecommunications and of Foreign Trade, France

Umweltbundesamt (UBA), Germany
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4. Plastics recycling by chemolysis: general trends

Chemolysis provides another route for materials recycling of plastics besides mechanical recycling
and petrochemical feedstock recycling. It is a form of chemical recycling now usually classified
within feedstock recycling. However, while “classical” feedstock recycling provides basic
petrochemical feedstocks (syngas, naphta, fuel oils,...), chemolysis yields monomers or other high
added value chemicals (terephthalic acid, caprolactam, polyols,...). It is best applied to clean single
plastic fractions because of the chemical specificity of the resins: chemolysis processes are tailored
to the chemistry of each resin. However, the advantage of chemolysis is to yield high value
chemical products that may be (at least in the case of PET) directly reused in food grade
applications, the most demanding, on a par with virgin resins. This is because the
depolymerization processes can be designed to eliminate impurities such as copolymers, catalysts,
pigments, heat-history effects, that so often foul recycled resins.

Chemolysis is best applied to polycondensation polymers, such as PET, polyurethanes (PU) or
polyamides. Addition polymers such as vinyls, acrylics, fluoroplastics and polyolefins will only
break down via thermal or catalytic cracking but they still can, under the righf conditions, yield
monomer fractions. Chemistry, combined with the specific pre-treatment steps required for
chemolysis, will prevent it from being applied to more than about 10% of the plastics waste.

So far, the star of plastics recycling by chemolysis is PET in spite of the fact that PET is more often
recycled mechanically. Consumption of bottle grade PET is likely to go on growing steadily (from
around 500 00 t now in the USA to more than 750 000 t expected in 1999). If is gaining ground not
just against other polymers (in particular PS for food packaging), but also against glass and in the
longer term, probably against metal cans in the small capacity container market. PET is being used
increasingly for packaging carbonated drinks, mineral water, edible oils, fruit juices and cosmetics
as it provides a good combination of physical properties and easy mechanical recycling. The
chemical recycling route, which enables bottle grade PET to be reused in food contact applications
provides an important edge. PET could even replace polycarbonates and polymethacrylates in a
number of applications.

Industry experts believe future developments in PET recycling will revolve around three major
techniques: depolymerisation, the use of multilayer, and the development of superclean flake
technology which allows recycled PET flake to be mixed with virgin material to give a bottle grade
resin. Consumer indifference to recycled-content packaging has so far inhibited wider use of the
recycled resins. As a consequence, recovered PET was channelled into end uses such as fibers and
plastic sheets. The PET recycling rate in the USA was 35% in 1994.

The take-up of methanolysis by soft drinks companies, including Coca-Cola, has so far been slow
and Coca-Cola does not wish to become locked into any particular technology yet. European PET
producers practiced methanolysis until the late 1970's but stopped when raw material prices fell.
However, plastics recycling by chemolysis is being seriously considered with Hoechst, Hoechst
Celanese, DuPont and other important actors currently investing in the technology. Both PepsiCo
and Coca Cola are also committed to expanding their recycle-content bottles but this is favorable to
plastics recycling in general and not necessarily for chemolysis.

Methanolysis is the only technology that allows closed-loop recycling. Operating cost is lowest for
mechanical recycling, intermediate for glycolysis and highest for methanolysis. Methanolysis
plants need to be large in order to optimise economics.

A number of large companies (Goodyear Tire & Rubber, Coca-Cola, Hoechst Celanese, Kraft
General Foods,...) have been given the green light by the US FDA and other authoriries to use
chemically recycled PET in food contact applications. This is a major breakthrough for the
development of depolymerization as a plastics recycling technology. However, mechanical
recycling of PET remains cheaper and the company Johnson Controls has applied for FDA
approval for the use of PET from super-clean flake technology for food contact application. This is
a serious challenge to the development of the chemical recycling of PET. One remaining challenge
is the supply of sufficient quantities of recycled PET feed at satisfactory prices. The European
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Packaging Directive is stimulating the collection and sorting of plastics for recycling in Europe but
the appearance of coloured PET bottles is creating an additional difficulty.

PU is also a promising resin for recycling by depolymerization but the quantities actually recycled
are still small. PU is not so much a packaging material and therefore generally falls outside of the
scope of the European Packaging Directive. It is more used under the form of foams (e.g. for car
seats) and rigid panels. 90% of the flexible PU foam raw material for recycling comes from the
automobile industry (car seats). PU chemical recycling technologies are therefore strongly linked
to increasing efforts on car recycling (European Directive on end-of-life vehicles). The rest comes
from insulation panels, shoe soles, other car parts... One of the main limitations to the recycling of
PU by chemolysis is the lack of availability of sorted post-consumer PU. PU from car seats could
provide a reliable enough stream for developing the practice. However, the US demand for waste
PU is so large that so far, it has attracted most of the waste PU foam from Europe and its
fluctuation has a dramatic destabilizing impact on the European waste PU foam market. The main
US application for waste PU is carpet underlay. The low density of PU waste has so far been a
limitation to its incineration.

So far, chemical research on tertiary (chemical) recycling has focused on two main areas:
recoverable thermosets and advanced techniques for studies of pyrolysis and fractionation of
pyrolysis products. For thermosets, the concept of "macromolecule designed for recycling” has
been introduced and its feasibility proven by research on epoxy resins cured with an aromatic
diamine containing a disulfide bond. There is now a strong push to develop chemolysis
technology able to handle lower grades of sorted plastics. This would enable the recyclers to
increase the amount of suitable raw material available and at the same time decrease the cost of the
raw material with the effect of improving the economics of the technology. However, competition
from fast improving feedstock recycling technologies and from incineration with energy recovery
is likely to limit the application of chemolysis to some high added value segments.

In any case, for the plastics recycling industry, the keys to recycling success seem to be clear:

1. Waste quality must be compatible with the technology and, for chemolysis, of reliable
composition.

2. The logistics of collection must be workable andaffordable.

3. The recycling technology must be adequate to handle a given type of waste.

4. For an end market to exist, the recycled material needs to meet the performance, safety and legal
requirements set by law or the customer's demands. This applies mostly to mechanical recycling.

The drastic growth of the use of recycled plastics has so far been contingent to the increasing
number of regulations, mainly in the USA calling for recycled contents in many packaging
applications, and in Europe where general levels of recycling are mandated. As for other plastics
recycling technologies, the future of chemolysis for recycling packaging still seems to be largely
dependent on legislation.
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5. Survey of projects and activities in the field of
plastics recycling by chemolysis

51 Recycling of PET and other polyesters

5.1.1 Methanolysis

This process, dating back to the 1960's, has been given a boost by letters of no objection from FDA
to Hoechst Celanese, Eastman Chemicals and DuPont concerning the use of recycled PET in food
grade packaging. It is the best known technology for manufacturing recycled PET for food grade
bottles.

The term methanolysis covers a series of reactions that convert PET to dimethyl terephthalate
(DMT) and ethylene glycol (EG). Nearly quantitative recovery can be achieved. The details of the
reaction steps and technology and the separation and purification are considered proprietary by
the commercial practitioners. MeOH, DMT and EG must be recovered at satisfactory yields and
purity to achieve acceptable economics.

Methanolysis is the most complex of the recycling technologies but because it can remove all
colorants and impurities it can be used to recycle the lowest quality waste raw material. Since the
process is designed to produce resin for food-grade applications, the recycled resin can be used for
all the applications of PET.

5.1.1.1 Hoechst Celanese and Hoechst

Available results:

This process fully reverts the polymer to monomers. These monomers are then completely
purified before repolymerization into virgin resin.

Hoechst Celanese Fibers and Film Group, Charlotte, NC, produces PET feedstock from post-
consumer PET bottle flake from Clean Tech Inc., Dundee, ML It then depolymerizes it via the
methanolysis process. After blending with virgin PET, Hoechst sends the resin to Plastipak
Packaging in Plymouth, MI, which blow molds the bottles. Hoechst is also in a joint venture with
Coca Cola for making beverage bottles with 25% recycled content.

Current and scheduled R&D Activities:

Hoechst Celanese has built a 100000 t/y plant in the USA (Wilmington, NC, for Coca Cola 2 1
bottles). Hoechst has intensified its development work on methanolysis. In 1994, it started a pilot
plant at Gersthofen, Germany (near Ausburg?).

Hoechst Celanese shut down its Spartanburg,NC, PET bottle recycling facility in mid-1993 because
the processing line did not meet quality and capacity expectations. It is looking into using lower-
value feedstocks for the methanolysis process to obtain a more economically priced product.

5.1.1.2 DuPont de Nemours, USA

Available results:

DuPont has spent $12 million converting a dimethyl terephthalate (DMT) production unit at its
Cape Fear site, near Wilmington, NC, to use waste PET feedstock instead of p-xylene. The process
was developed in Nashville, TN, in 1992. Feedstock for the new unit will come from both post-
industrial and post-consumer sources, but the two streams will be kept separate for market re-
entry. The DMT and glycol thus produced will make PET for film, fibre and bottles. DuPont has
FDA approval for food contact packaging. The current consumer interest in buying apparel that
contains first quality recycled PET fibre is a major reason for the company's interest in becoming a
significant producer of recycled content PET. The process is said to require less pure feedstock and
improves efficiencies.

DuPont and other film desilvering companies have traditionally been landfilling PVDC-coated
PET but DuPont has now installed equipment to remove the PVDC coating from post-consumer X-
ray and lithographic film. The facilities (Winchester, KY, and Arden, NC) are operated by an
outside contractor.
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In 1992, DuPont was starting a commercial methanolysis unit in Nashville, Tennessee. The
capacity of the plant is 6840 t/y and produce DMT and EG from PET and ultimately other
polyesters. Preliminary data indicate that this process is able to provide DMT at 79-83 c¢/kg (1992),
the current market price range for the virgin material.

Current and scheduled R&D Activities:

DuPont filed a European patent in 1993 on the vapor removal of reaction products from the
methanolysis reactor. A plant start-up is planned for mid-1995 with a capacity to produce 45,400 t
of DMT and 13,500 t of ethylene glycol annually.

5.1.1.3 Eastman Kodak

Available results:

While methanolysis is more tolerant of impurities than mechanical recycling, total contaminants
must still remain below 0.5%. PVC and PVDC cause corrosion problems. The company has been
active in this technology since 1975.

The process is fairly capital intensive ($30 million for a 23000 t/year plant). In 1993, the cost details
were (.55 $/kg to 0.77 $/kg for the PET bottle flake, 0.44 $/kg for conversion and handling and
0.33 $/kg capital costs for a total of 1.32 $/kg to 1.43 $/kg. This compared to a cost of 0.77 $/kg for
virgin PET. To include 25% recycled content in 2 1 PET bottles makes a cost increase of $0.007 to
$0.008 per bottle.

Eastman Kodak is recycling PVDC-coated PET film by methanolysis in its Rochester, NY, plant.
Current and scheduled R&D Activities:

Efforts are ongoing to decrease the capital costs of future plants, increase the tolerance to
impurities to be able to use cheaper feeds and improve conversion costs and yields.

Eastman Kodak obtained an American patent on the vapor removal of reaction products from the
methanolysis reactor. Significant work is under way to improve methanolysis quality and
€conomics.

Eastman Chemical Co (Kingsport, TN) is broadening the scope of methanolysis using its own
patented process to recycle post-consumer waste. Eastman is considering the option of building a
dedicated unit to depolymerize post-consumer PET at the production site of subsidiary Carolina
Eastman (Columbia, SC) in 1993. A $25 million unit could process enough PET scrap to recover
23000 t/y DMT for captive use onsite.

5.1.1.4 Coca Cola

Available results:

Coca Cola is operating in a joint venture with Hoechst Celanese in the USA and the UK To
produce PET bottles with recycled content.

Current and scheduled R&D Activities:

Coca Cola is using methanolysis for a pilot scheme in Japan and testing methanolysis bottles in
Belgium.

5.1.2 Glycolysis

Like methanolysis, this process has also been given a boost by a letter of no objection from FDA to
Goodyear concerning the use of recycled PET in food grade packaging (1991). It seems to be the
next most used technology after mechanical recycling for PET. It is cheaper and requires less
energy than methanolysis or hydrolysis and can be run either in batch or continuous. However, it
appears to be less versatile in feedstock use and end use of the resin.

The future of glycolysis will involve developing efficient purification of BHET (bis-hydroxyethyl
terephthalate) and dealing with the presence of non-DMT and non-EG reactants.
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5.1.2.1 Zimmer AG

Available results:

The recycling concept developed by Zimmer AG is based on a partial glycolysis. The low viscosity
reaction product with a defined average molecular weight is handled more easily in the
purification and processing steps than in the initial melt. The best quality product is obtained from
well separated and properly cleaned waste raw material: the purity of the scrap material is what
matters. The purity of the bottle scrap is very important and can have the following effects:

* metals act as catalysts and cause degradation and discoloration.

* polyolefins become imbedded in PET causing embrittlement.

* thermal decomposition of PVC produces HCI causing PET hydrolysis, embrittlement and
discoloration.

* the hot melt adhesives discolor the PET.

The first glycolysis occurs under mild conditions, removing oxygen and avoiding side reactions. A
low viscosity product is obtained which is filtered and purified by adsorption. The material is then
condensed in a mixture with virgin pre-condensate or as 100% recycled material. In order to
accomplish a light depolymerization, a small amount of ethylene glycol is added to the PET flakes.
Volatile contaminants and the glycol formed during polycondensation are eliminated by creating a
partial vacuum.

The advantages of this process are:

* Less EG, time and energy are needed than in a complete depolymerization process.

* the mild depolymerization results in a minimum degradation of the PET.

* volatile contaminants with boiling points up to 280°C are removed.

* solid contaminants are removed by filtration.

The main disadvantages are that colorants and contaminants with a boiling point higher than
300°C generally cannot be removed. The process is claimed to provide reclaimed pre-condensate at
the same price as the virgin one.

Current and scheduled R&D Activities:

Unknown

5.1.2.2 DuPont

Available results:

DuPont already operates a polyester glycolysis plant at Uentrop, Germany and another one in the
USA. They produce fibers for fiberfill in clothes.

Current and scheduled R&D Activities:

Not known

5.1.2.3 Hoechst Celanese

Available results:

This process breaks the polymer chains into shorter chains that are partially purified before
repolymerization.

Glycolysis cannot remove colorants and certain impurities but it can handle small amounts of
many more impurities than mechanical recycling by direct extrusion. Therefore, glycolysis can use
a raw material of moderate quality, unsuitable for mechanical recycling.

The recycled PET from glycolysis is almost fully equivalent to the virgin material and is used for
carpet fibers.

Current and scheduled R&D Activities:

Recyclable carpets (Trevira One brand) were introduced on the market in the first quarter of 1994.

5.1.2.4 Hoechst

Available results:

None known

Current and scheduled R&D Activities:

Hoechst is reported to be stepping up development work on the recycling of polyester fibres
through depolymerisation. The company has just set up a pilot plant at Gersthofen, Germany, for
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the depolymerisation of polyester by methanolysis. In 1993, Hoechst began running a 5000 t/ y
plant at Offenbach, Germany.

5.1.2.5 Chiao Tung University, Taiwan

Available results:

Production of unsaturated polyesters from recycled PET bottles using a two-stage process: the first
stage is the glycolysis of PET in an excess of diol under high pressure (100 psi, 240°C, 2h) to
produce oligomers, the second stage is the polycondensation of the polyol oligomers adding
styrene to form unsaturated resins.

Current and scheduled R&D Activities:

None known

5.1.2.6 Shell/Goodyear

Available results:

Goodyear's experience goes back to the late 1970's, before PET was commercialised for carbonated
soft drinks (CSD).

Because of the interest of soft drinks companies, Goodyear built a pilot plant to demonstrate the
capability of taking a mixed plastic stream and separating it into its constituent components with a
purity high enough for the recovered PET to be used in fibers. This demonstration was successful
and the use of PET for 11 CSD containers spread.

By the late 1980’s, the growth of the 2 1 CSD container was slowing but the industry was required
to “close the loop”, i.e. recycle bottles back into bottles before single serving PET containers could
be introduced. Pilot plant trials confirmed process feasibility in 1989. This proprietary process was
set up at the Point Pleasant, WV, facility, and produced 12 000 t of material in 1989. Goodyear
applied for a “letter of no objection” from the FDA for food package suitability of the material.
This letter was received in 1991. By Spring 1990, the Point Pleasant facility had a capacity of 20 000
t/y of 25% post consumer content PET resin, trademarked REPETE™.

The proprietary process for producing REPETE™ uses ethylene glycol to depolymerize PET to a
chain length between 2 and 10 monomer units. It then repolymerizes these oligomers with virgin
material to produce the 25% reused material content. As any glycolysis process, this process
requires a fairly clean post-consumer PET stream to produce CSD containers with acceptable
visual quality.

In 1992, Shell purchased Goodyear's PET resin business and made a major investment in 1994 to
expand Point Pleasant’'s REPETE™ capacity to 50 000 t/y.

Current and scheduled R&D Activities:

Shell is developing methods to reduce the overall cost of recycling. Research is continuing in
Advanced REPETE Technology (ART) with the goal to provide customers with post consumer
recycle content polymer at a cost parity with virgin PET.

5.1.2.7 Catalytical

Available results:

Products such as bis(hydroxyethyl) terephthalate for the manufacture of fibers are obtained by
heating cut polyester fiber wastes for1.5-2 h with ethylene glycol (EG) at 100-120.°C, passing a N
stream at 2.5-3 bar pressure through the mixture for 20-30 min to remove the fiber finishing agents
with EG and filtering the resulting EG to remove the coarse impurities. distilling the resulting
impure EG, and heating the resulting extd. fibers with the distilled EG at 200-230°C in the presence
of a glycolysis catalyst.

Current and scheduled R&D Activities:

None known

5.1.2.8 Freeman Chemical, USA

Available results:
Freeman breaks the PET into aromatic polyols.
Current and scheduled R&D Activities:
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The company has a 13000 t/y plant to produce aromatic polyols used in the manufacturing of rigid
polyurethane foams. Analogous installations for transesterification have been built in the USA by
Oxid and Synergistic Industries.

5.1.2.9 Aldol Chemical Company, USA

Available results:

It recovers the basic constituents of polyesters, mostly polyols from PET.
Current and scheduled R&D Activities:

Unknown

5.1.2.10 Dacron, USA

Available results:

Dacron proposes a glycolytic process that can be either batch or continuous, at 220-240°C. with
residence times of 60-90 min. Glycol concentrations are high. Catalysts such as zinc of lithium
acetate are used. Sodium acetate or water decrease side reactions. They claim having recycled
more than 4.56 million t of PET by glycolysis over the decade 1982-1992.

Current and scheduled R&D Activities:

Unknown

5.1.3 Hydrolysis

According to Eastman Kodak, the hydrolysis of PET to terephthalic acid will receive much
attention. However, terephthalic acid is difficult to purify commercially because of its low aqueous
solubility and vapor pressure.

5.1.3.1 Tohoku University, Japan

Available results:

Various processes have been investigated by the researchers from Tohoku University.

In a first process, waste PET powder is hydrolysed to terephthalic acid and ethylene glycol in
sulphuric acid (<10M) at 150°C for 5h. The sulphuric acid can be recovered by dialysis and reused.
In a second process, the hydrolysis, with simultaneous oxidation, is carried out in nitric acid at
100°C. The reaction time is 15-16 h and the process yields trephthalic acid and oxalic acid. While
terephthalic acid recovery is essentially complete, the oxalic acid recovery rate reached 60 to 75%.
The nitric acid is reusable.

Current and scheduled R&D Activities:

Unknown

5.1.3.2 RENEW Process

Available results:

A process called "Renew" for the recycling of domestic food packaging grade PET from unsorted
and unwashed mixed plastics waste has been developed by Smorgon Consolidated of Australia.
The process is designed to treat kerbside plastics that may be chopped or shredded. The PET flake
is washed in hot water, separated from floating materials and partially depolymerized in
ethanediol at 197°C to become brittle. This allows separation from other foreign materials by
crushing and size separation. The cleaned crumb is then hydrolyzed at 200°C and terephthalic acid
recovered. Water soluble acids from nylon, proteins and PET degradation products are rejected.
Ethanediol is then recovered and distilled before being mixed to terephthalic acid and esterified.
The BHET produced is filtered and treated by adsorption to remove any unwanted color and then
repolymerized to high-grade PET. The flake PET contains transesterification catalysts such as
antimony acetate which are adequate for the embrittlement step. Terephthalic acid catalyzes the
hydrolysis.

Internal recycling and energy recovery loops make the process very energy efficient. The process is
also easy to automate and has less than 5% terephthalic acid losses.
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All work to date has been carried out on a 40 kg/h pilot plant located ast Smorgon's bottle
production facility in Melbourne. 30 tonnes of material have so far been processed.

The process will be marketed worldwide through a new company Innovations in PET. The process
meets FDA requirements for food use while starting from average PET flake from kerbside
collection.

The capital cost of a 5000 t/y plant is estimated at $4.4 million with a conversion cost of $336/t
PET. For a 10000 t/y plant, the costs would be $7.1 million and $227/t respectively. The 3500 t/y
Australian plant is expected to break even on Australian kerbside waste feedstock which contains
90% PET and costs A$700/t.

Current and scheduled R&D Activities:

Smorgon has completed a 3,500 tpa capacity commercial unit which meets its PET bottle recycling
commitments. A demonstration facility is likely to be soon built in Europe. John Brown Deutsche
Engineering, also involved in the process development, is negotiating the sale of a plant to a
European customer.

5.1.3.2 UNPET Process

Available results:

They key to this process is the initial step wher the PET scrap is added to a metal hydroxide like
NaOH. This reacts selectively to yield EG and a heat stable salt like disodium terephthalate. This
allows to heat the mixture at 340°C to evaporate the EG and reduce the organic impurities to CO,
and water. The terphthalic acid is recovered from the sodium salt in a process at low temperature
and pressure.

This process is simple and low cost, requiring only a rotary kiln, condenser and centrifuge, or
filter. It is claimed to be able to recycle PET containing up to 40% impurities. The process is
commercialized by URRC (United Resource Recovery Corp., NC, USA) and offered in Europe by
the Bradford (UK) based Stephenson Group.

Current and scheduled R&D Activities:

In 1995, URRC has invested over US$ 5 million at Spartanburg, NC, USA in a 4500 t/y plant of
PET film to serve the license program and allow trials by potential licensees now.

5.1.4 Transesterification

Transesterification is a known method for turning PET into polyols (Oxid, USA) or plasticizers
(Synergistics Industries, Quebec).

5.1.4.1 Unknown actor

Available results:

Dioctyl terephthalate (DOTP), a plasticiser for PVC, can be made from scrap terephthalate
polyesters such as PET by a method known as degradative transesterification. It is recognised that
this plasticiser is as good a plasticiser as commercial DOTP and that it may potentially replace
dioctyl phthalate. The production of DOTP from scrap PET is shown to be cost effective.

Current and scheduled R&D Activities:

None known to date.

5.1.4.2 Sherwin Williams, USA

Current and scheduled R&D Activities:

In 1993, Sherwin Williams has applied for European patents covering the alcoholysis of PET
wastes using a transesterification catalyst (e.g. barium hydroxide) before further reaction to
produce film forming polyesters.

5.1.5 Thermal decomposition

5.1.5.1 Industrial Research Institute, Shikoku, Japan
Takao Kitamura, Jun Hosokawa, Yoshinari Kobayashi



Survey of technologies for the recycling of plastics waste by chemolysis 21

Available results:

Glass fibre-reinforced unsaturated polyester waste from boats subjected to thermal decomposition
in a water vapour atmosphere gives phthalic acid, styrene and glycols. Decomposition is complete
after 5 minutes at 500°C producing 11% solid(mainly phthalic acid), 25.8% oil (30% styrene), 46%
residue and the rest in the water (pH 2.4) and gas phases. The water phase contains glycols,
benzoic acid and phthalic acid. Unsaturated polyester resins produced from the recovered phthalic
acid show reduced mechanical properties compared with a virgin sample, presumably due to the
presence of benzoic acid formed by splitting of carbon dioxide from phthalic acid above 450°C. The
results suggested that recycling was possible by controlling the temperature below this level. The
incineration ash was used to produce crystallised glass with a high flexural strength and relatively
low bulk density, and which was suitable for use as a construction material.

Current and scheduled R&D Activities:

None known to date

5.1.6 Neutral hydrolysis
5.1.6.1 Lodz Institute of Chemical Fibers

Available results:

PET hydrolysis can be carried out under acidic, neutral or alkaline conditions. The neutral
hydrolysis is the slowest. The optimum hydrolysis process requires water at 210-250°C in a closed
system at elevated pressures and produces essentially terephthalic acid and ethylene glycol. The
practical duration of the reaction was determined to be 6 h. Organic and inorganic impurities
(reaction by-products or contaminants from the feedstock) may require purification of the TA and
EG before reuse. Process wastes do not exceed 3% of the material. Metal acetates (Ca, Mn, Zn) are
good catalysts.

Current and scheduled R&D Activities:

Unknown

5.1.6.2 Polytechnic University, Brooklyn

Available results:

Neutral hydrolysis of cured unsaturated polyester resins at 220-275°C, 40-65 bar for 2-6 h.allows
the recovery of soluble, well-characterised products. The process yields two phases: the top
(butanone) phase contains essentially oligomers and some phthalic acid, the bottom (aqueous)
phase contains mostly phthalic acid. Solvent systems can be either butanone/water or
butanone/2-propanol/water. Conversions of commercial resins vary from 40% to 85% while they
reach about 70% for model resins. Potential applications of the products recovered are the use of
the oligomers as curing agents and/or coreactants for epoxy resins in the development of coatings
and the use of the oligomers as building blocks for specific unsaturated polyester resins.

Current and scheduled R&D Activities:

Support from the US DOE terminated.

5.1.7 Saponification
5.1.7.1 Reco-PET

Available results:

Institut Francais du Pétrole and Technochim Engineering have jointly developed and patented a
three-stage process, Reco-PET, which chemically recycles PET by breaking it down into
terephthalic acid and ethylene glycol. The three stages of the process are a continuous
saponification at atmospheric pressure with recovery of EG, purification of the salt in aqueous
solution and precipitation of the TA through acidification. The TA thus obtained has a similar
purity to that of the virgin TA. Compared with other solutions, it is able to work with higher levels
of impurities (up to 10%polyolefins or PVC) and at lower investment costs. An additional
advantage of this process in its lower energy consumption than methanolysis and other competing
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processes. Recycling to feedstock level also means that it will not undermine the market for virgin
material. The saponification can be delocalized and carried out in small local units.

Current and scheduled R&D Activities:

The French company EMC is building a semi-industrial scale unit based on this process in
Tessenderlo (Belgium).
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5.2 Recycling of polyurethanes

Since a large portion of the flexible polyurethane foams is used in car seats, car companies such as
General Motors and Ford have worked on the depolymerization of polyurethanes as early as the
1970's. Several chemical recycling methods have been developed and patented, such as hydrolysis,
glycolysis, aminolysis and acidolysis.

5.2.1 Hydrolysis

In principle, hydrolysis represents a potential route to obtain polyols and amines. The reactant
used is steam and no by-products are obtained. However, the hydrolysis processes form a mixture
of amines, ureas and polyols whose separation into single products requires high processing costs.
The purified polyol can be reused in the manufacture of virgin polyurethane but the direct reuse of
the amine component is impossible. Additionally, the presence of a range of additives and fire
retardants make this process inappropriate to recycle today's post-consumer polyurethanes.

In a variation of the basic process, polyurethanes can be hydrolyzed with H,O in the presence of
alkali or alkaline earth (hydr)oxides and activating agents selected from quaternary ammonium
compounds. or sulfonates to give active H-containing polyethers and organic polyamines. The
process is reported to facilitate recovery of raw materials from waste polyurethanes.

5.2.1.1 Fraunhofer

Available results:

This hydrolysis process requires temperatures up to 230°C and a high pressure apparatus (between
30 and 3000 bar). It produces a polyol component and the polyisocyanate derivative is converted to
a polyamine. If the polyol is resistant to hydrolysis, it will be directly recovered. Polyester polyols
are hydrolyzed. This is still a laboratory process.

Current and scheduled R&D Activities:

- Unknown

5.2.1.2 General Motors

Available results:

General Motors Research Laboratories have published most of the old information on PU
hydrolysis. A lot of the work dates back to the 1970's. High pressure steam hydrolyzes flexible
foams rapidly at temperatures between 232°C and 316°C. The diamines can be distilled away from
the mixture and the polyols recovered from the residue. A continuous process at the optimum
temperature (288°C) in a vertical reactor was designed. It gave polyol yields from foam scrap of 60-
80% with residence times of 10-28 min. The recovered polyol could be used at 5%in a flexible foam
recipe with excellent results.

Current and scheduled R&D Activities:

Unknown

5.2.1.3 Ford

Available results:

Ford has also worked on the process but at slightly lower temperatures (185-200°C). Yields of
toluene diamines were 65-80%.
Current and scheduled R&D Activities:

Unkngwn.

5.2.14 Bayer

Available results:
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In 1980, Bayer had designed a hydrolysis process taking place in a twin-screw extruder. This
process produced polyethers and amines from flexible foams. The reaction was performed at 300°C
and 30 bar with a mass flow of 150 kg/h. The reaction yield exceeded 90%. However, the
investment cost of the process was high, making it uneconomical both if the exact composition of
the feed was unknown and if the operation was small scale.

Current and scheduled R&D Activities:

A pilot plant in Leverkusen, Germany, was dismantled.

5.2.2 Hydroglycolysis

Hydroglycolysis gives the same products as hydrolysis (polyols, amines and ureas) but allows
operations in easier conditions. The aromatic part of the polymer is transformed into an amine and
urea mixture that cannot be directly used. For this reason, this process is not widely spread. An
experiment showed the polyol recovered by this method could be used as a replacement for 5-20%
of the virgin polyol in foam formulations.

General Motors experimented with hydroglycolysis at 190-220°C. The presence of lithium
hydroxide catalyzes the reaction with ethylene glycol and reaction times of a few minutes can be
attained at 170-190°C.

5.2.3 Glycolysis

Glycolysis gives a mixture of starting polyol, low molecular urethanes with -OH end groups and
secondary products. It is the only chemical route so far adopted for recycling rigid and elastomeric
polyurethanes on an industrial scale. Its main advantages are:

* Its applicability to many types of polyurethanes,

* It does nor require separation of the products,

* Its simple operation in batch reactors or as a continuous process,

* Its moderate requirements for reaction temperature under ambient pressure,

* Its robustness and tolerance to many impurities.

* Its low requirements in equipment.

Glycolysis is by and large a crude process in its conventional form. Its reaction rate can be
accelerated and its side reactions reduced by the use of suitable catalysts. It will release volatile
" organic compounds and may therefore require special scrubbers. Its crude output contains glycol
and possibly unwanted by-products from the foam, making it a low-grade polyol.

5.2.3.1 ICI Chemicals

Available results:

ICI reports a new process (split-phase glycolysis) now under development to improve the
glycolysis of flexible foams and elastomers and extend its practical scope. The ICI process, under
optimised conditions and with suitable raw materials, can produce flexible polyols with a
monomeric diamine content below 1000 ppm. The glycol used in the process is recovered to a large
extent.

The process uses standard equipment and no catalyst. The foam flakes are digested in a glycol
mixture at less than 200°C under ambient pressure. The original polyether polyol is retrieved with
its structure intact and a short chain urethane polyol is produced. The polyether polyol can be
separated and the remaining glycols recovered by distillation. Further purification can reduce the
level of monomeric diamine to less than 10 ppm. This allows the direct reuse of the polyol into
flexible foam applications.

The other fraction consists mainly of low molecular weight urethane polyol and glycol. The
composition can be adjusted to provide a polyol system suitable for various applications
(boardstock, liner panels,...).

The main advantages of the ICI process are:

* the process delivers end products of superior quality,

* the process minimizes the increase in the recycling loop inventory by recovering glycol.

The resin used in this form of chemical recycling should not contain certain surfactants, fire
retardants and polyols that do not separate. This may require a scheme to screen polyurethane
materials before recycling.
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It is particularly suitable for recycling classified post-user materials, mainly from the automotive
industry, back into similar applications. Glycolysis technology is thus brought closer to the point
where a partially closed loop cycle can be realised and the design of flexible foams for easier
recycling can be discussed. As in most cases, the quality of the recycled product depends on the
quality of the scrap used.

Early estimates indicate that the process could be economically viable for units processing 5000 t/y
or more.

Current and scheduled R&D Activities:

Demonstration of the process was first performed in small scale lab units (5-140 1) and then at
semi-industrial scale (2 tonnes).

ICI is continuing development of glycolysis as a means to produce polyols. The emphasis is on
refining the technology and applying it to a wider range of applications, including retrieving
polyols from automotive flexible foams. Their current approach is to consider chemolysis as a
long-term option for the recycling of slabstock foam waste entirely based on diphenyl methane
diisocyanate. The economic viability of the process depends on the availability of sufficient
quantities of suitable waste foams.

5.2.3.2 Bayer AG

Available results:

Bayer has produced from reinforced injection molded (RIM) scrap high yields of glycolized polyol
that can be mixed at weight ratios of up to 70:30 with virgin polyol, to make RIM parts with
properties equal to those made with 100% virgin materials. The process can handle painted parts
with filler materials and mold-release agents. It operates at 210°C under atmospheric pressure and
does not require catalysts for the dissolution of the scrap. Patents have been filed.

Current and scheduled R&D Activities:

Bayer, continues support to its customers with the transfer of glycolysis know-how where a viable
market for glycolysates exist. It has joined forces in research with several other polyurethane
manufacturers on behalf of the car industry.

Mercedes-Benz and Ford have already agreed to the use of these recycled materials in the
manufacture of their car parts by the company Pebra. Pfeba in Germany is producing
- transportation boxes specially developped by Bayer AG from 70% glycolysate and 30% crosslinker.

5.2.3.3 BASF AG

Available results:

BASF has set up a pilot glycolysis unit at Schwarzheide, Germany, to study the production of
polyols by recyciing polyurethanes from flexible foams in car seats. The scheme also involves
polyurethanes producers ICI, Bayer and Dow Chemical. BASF has already glycolysed the foams
from major automotive manufacturers, while Dow, ICI and Bayer have evaluated new applications
for the regenerated polyols. The reuse of regenerated polyols for seating is not feasible.

Current and scheduled R&D Activities:

Unknown

5.2.3.4 University of Padua

Available results:

Glycolysis is performed at atmospheric pressure under inert atmosphere, at the boiling
temperature of the glycol, in the presence of organometallic catalysts. At the temperature of 190°C,
the reaction reaches a sufficiently rapid rate. The transesterification reaction of the urethane
groups, that leads to the formation of new carbamate is faster than that of the urea groups.
Carbamates in turn undergo aminolysis due to the amines formed in the glycolysis of the urea
groups. The use of ethylene glycol allows the process to be carried out with high, more economical
polymer/glycol ratio (up to 4:1). A polyphase product is obtained with a top liquid phase mainly
formed by the polyether polyol from the polymer, an intermediate liquid phase formed by the
solution of carbamates, ureas and amines in ethylene glycol and a bottom solid phase with
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aromatic compounds with prevalent urea bonds. When they undergo heating in the presence of
glycols the reaction of the urea groups leads to soluble products.

This recycling process is one of glycolysis that, in the specific case of polymers from polyester
polyols, leads to products with low molecular weight that are difficult to directly substitute for
many applications requiring high molecular weights. It is therefore necessary to perform other
operations on the glycolysis products to obtain products more appropriate for recycling.

Current and scheduled R&D Activities:

The research is still proceeding to reduce the levels of free amine and soluble ureas as well as to
eliminate the appearance of a solid phase.

5.2.3.5 Krauss-Maffei GmbH

Available results:

Krauss-Maffei demonstrated a process combining grinding and glycolysis for the recycling of
reaction injection moulded components (RIM and SRIM). The process was designed to be able to
accept grinded RIM and SRIM parts as well as chemically treated PUR parts. The aim of the
process is to produce RIM parts with a maximum recycled content. First, the recovered parts are
sorted, washed and the rejects grinded into 3 mm particles. The pellets are then regrinded into a
fine powder (particles of 200um). The polyol is then separated into one fraction containing the
powder and another fraction containing the amine crosslinker. Therefore, the system requires 3
distinct feed streams allowing the separate dosing of these polyols and the isocyanate. The
combination of regrinding and glycolysis allows to obtain parts containing up to 25% recycled
material with mechanical properties comparable to those of the virgin resin. Work was also carried
out on the classic glycolysis process (200°C, no catalysts, separation of polyols). A demonstration
was presented at K’92 with the cooperation of Bayer and Dow.

Current and scheduled R&D Activities:

Proprietary machinery, now commercial, has been developed for this process.

5.2.3.6 Thermocatalytic

Available results:

The glycolysis by butanediol, EG, DEG and glycerol of various PU materials, i.e. scrap
" microcellular PU from the footwear industry (MPUR), rigid PU foam, and elastomers based on
polyethers and polydienes was carried out with triethylene diamine (DABCO) or quinoline as
catalysts. The products obtained are the same as in the case of a classic glycolysis but the
advantage is that the hydroxyl content of the product can be selected to be the same as that of the
intial polyol component of the polyurethane. The product can then be blended into the virgin
polyol without modification. The products were used in amounts up to 100% in new PU.
Properties at least as good as those of PUs made from virgin materials were obtained when the
glycolysis product content was up to 15%.

The aim of the study was to develop the principles of recycling of polyurethanes by the method of
thermoglycolysis. The material studied was polyurethane based on SKU-PFL-100 prepolymer with
a molecular mass of 1400, cured with dichloro-diamino-diphenyl-methane and a polyol.

Current and scheduled R&D Activities:

Unknown

5.2.3.7 Rapra Technology

Available results:

Rapra Technology Ltd has demonstrated the recycling of waste polyurethane material using the
cavity transfer mixer. Shredded polymer is passed through the mixer with glycol, generating a
glycolised product which can be fed back into polyurethane manufacture without the requirement
of further treatment. The process does not require a large excess of glycol. It is a continuous
process, unlike most other processes available for polyurethane recycling. Because the reaction is
mostly controlled by diffusion, the cavity transfer mixer increases the rate significantly. The main
advantage of this process is to decrease the reaction time from hours to minutes or even seconds.
The process was demonstrated on foam. The product is reasonably clear and homogeneous and
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has been used to make plaques. The cavity transfer mixer should be viewed as a polymer reactor.
This gives more polymer processing freedom than the liquid -based processes.
Current and scheduled R&D Activities:

Process optimization is ongoing.

5.2.3.8 Dow Chemicals

Available results:

Dow has a system for reinforced RIM parts similar to Bayer's glycolysis that yields medium-
molecular-weight liquid components, which can be reused at levels up to 30% in reinforced RIM
parts.

Current and scheduled R&D Activities:
None known

5.2.3.9 Upjohn

Available results:

Upjohn has published a series of papers and taken some patents on this technology. The process
consists of digesting ground scrap from a variety of sources with a equal weight of a 90/10
mixture of di(alkylene) glycol and diethanol amine at 190-210°C for several hours. After cooling
and treatment with propylene oxide, the polyol mixture is filtered to remove insoluble materials
and is ready to use. The polyols produced by this method are most suitable for rigid foam
applications. They can be substituted for up to 40% virgin polyol. Their chain length is too short to
use in flexible foam applications.

Current and scheduled R&D Activities:

This process has been used on an industrial scale.

5.2.3.10 Ford Motor Company

Available results:

- The Ford Motor Company Europe has described a recovery process which yielded acceptable
polyol at claimed costs 30% less than virgin polyol.

Current and scheduled R&D Activities:

Not known

5.2.3.11 Aalen Technical College

Available results:

The work of G. Bauer, of the Aalen Technical College, in Germany, is the most significant on this
process. In this reaction, the polymer molecules are split-up by transesterification. Ground foam (5
mm) is fed to a reactor with diol at 200°C. The reaction lasts 2 h. The products are then mixed with
virgin polyol (4:1), cooled, mixed with diisocyanates and finally re-foamed.

In other experiments, the glycolysis products have an OH number between 380 and 500. They can
be mixed up to 50% with virgin polyols. When the raw material comes from RIM parts, the
products can only be mixed up to 10% with virgin polyols.

In Germany in 1990 (Aalen Technical College?), a pilot plant with a 5 t/day capacity was built. It is
not economical, mainly due to the required recovery and treatment of the CFC in the foams.
Current and scheduled R&D Activities:

The Aalen technical College, in Germany, has built a pilot glycolysis plant for polyurethanes from
cars. Independent plants working on these processes are in operation in France, Italy and the USA.

5.2.3.f2 Pebra

Available results:
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Pebra produces car parts meeting all existing specifications with up to 25% recycled material: 15%
from glycolysis and 10% from regrinding. A demonstration was made at the K'92 fair in
Diisseldorf.

Current and scheduled R&D Activities:
End 1993, Pebra had a continuously working pilot plant in trial operation

5.2.3.13 Regra

Available results:

The PU waste is pre-chopped and fed to an unpressurized reaction vessel. Alcohols, a catalyst
and additives are then added and temperature increased. The product is a liquid dispersion of
polyols and low molecular weight urethanes that can be added to isocyanate or another polyol
for polymerization. The properties of the former product can be recovered thanks to partial
decomposition and/or blending with new polyols. Reaction conditions can be adapted to the
type of end product desired. The process can be operated in continuous mode but is mostly
used in batch mode. As in most processes, the quality of the recovered polyol depends on the
quality of the feedstock. Filler materials, pigments, fine particles and inert foreign solids
remain in the end product. Flame retardants may cause undesirable side reactions. Small
quantities of PET and polyamide impurities do not affect the reaction process. Reportedly, the
price of the recovered polyol is significantly lower than that of virgin polyol.

Current and scheduled R&D Activities:

Located in Pirmasens, Germany, Regra has many years experience with this technology. It has
been processing mostly production scrap on behalf of PU processors and selling recycling lines.
Installed capacity at Pebra is 1000 t/year. 1 t/day recycled polyol is currently produced from shoe
sole manufacturing scrap. It is then used mixed at 23% with virgin polyol. R&D work to adapt
the process to different PU users is ongoing using a lab-scale unit.

5.2.3.13 Enichem

Available results:

The RECAP PU glycolysis process from Enichem obtain products with low viscosity and
relatively low hydroxy number. as well as a reduced free aromatic amines content. The field of
“application for the recovered polyols depends on the choice of glycolysing medium:
monoethylene glycol for high flexural modulus and dipropylene glycol (+ other agents) for
elastomeric characteristics.

Car parts and other products have been manufactured with the recovered polyols from this
process.

Current and scheduled R&D Activities:

Lab work is under way to set up formulations for applications replacing PVC.

5.2.4 Aminolysis
5.24.1 University of Padua

Available results:

Toluene diamine was added to an ethylene glycol solution of a model urethane compound. The
equimolar mixture was kept stirred at 190°C and left to polymerize. Laboratory experiment.
Current and scheduled R&D Activities:

Unknown

5.2.5 Tandem chemolysis
5.2.6.}', Dow Plastics

Available results:

Dow Plastics has announced the development of what could be a commercially viable chemical
recycling process which produces simultaneously on the one hand the original flexible foam based




Survey of technologies for the recycling of plastics waste by chemolysis 29

polyol and on the other hand a polyol with a low average molecular weight for rigid foam
application from a diversity of polyurethanes.

The two-step process first breaks down the polymer with an alkanolamine (dissolution at high
temperature) and a catalyst into concentrated carbamates, ureas, amines, and polyol, which are
used to form the functional polyol. In the second step, the emulsion-dispersion is treated with an
alkyleneoxide (ethylene or propylene) to convert any aromatic amine present to its
polyoxyalkylene adduct. These adducts are then separated from the polyol.

The tandem chemolysis process was developed to recycle a diversity of PU products back into
their basic building blocks. The development of the tandem process is an attempt to provide the
industry with a viable chemical recycling option. Typically in the tandem process, flexible foams
are simultaneously converted into two types of polyols, i.e. the original flexible base polyol and a
rigid foam base polyol. The flexible polyol can be 100% recycled back into the same type of flexible
foam with very similar physical properties, while the rigid polyol performs well in prime rigid
foam applications.

Current and scheduled R&D Activities:

The work at the Terneuzen plant, NL, started in 20 1 reactors and was planned in 1993 to be
extended to 800 1 reactors. The process is the object of a patent application. The technology still
needs the development of matching recovered material streams to become viable.
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5.3 Recycling of nylon and other polyamides

5.3.1 Hydrolysis

Hydrolysis leads to the formation of either aminocarboxylic acids or to a mixture of dicarboxylic
acids and diamines.

5.3.1.1 BASF

Available results:

BASF has improved the superheated steam process for breaking down polyamide waste into
caprolactam using phosphoric acid as a catalyst. Processes for chemical recycling of polyamide 6
and 66 have been developed in the past and used at BASF and other producers.

BASF also used to breakdown PA66 fibre waste into hexamethylene diamine and sodium adipate
by means of alkali hydrolysis. But the process was shut down as it proved impossible to recover
the adipic acid.

The new process is an alkaline hydrolysis process, in which BASF uses electrolysis to recover the
adipic acid. It produces pure hexamethylene diamine and pure adipic acid, which can both be used
to make new polymer. The process avoids the formation of inorganic salts and reuses the sodium
hydroxide solution from the initial hydrolysis step. This new process is usable on all kinds of
ployamides 66.

Current and scheduled R&D Activities:

BASF has superheated steam caprolactam recovery facilities in the USA and Canada. It is now
scaling up the new alkaline hydrolysis process in Europe but it is not known whether any plant is
planned. The development work on the superheated steam process is part of a programme of work
at BASF on polymers suitable for chemical recycling, including glycolysis of polyurethane flexible
foams.

5.3.1.2 Department of Energy (USA)

- Available results:

DoE has worked on a process involving both hydrolysis and pyrolysis to recover caprolactam from
nylon 6 used in carpet fibres. By means of precise temperature control and the use of a catalyst,
nylon 6 can be isolated from the polypropylene backing. The process has been developed by the
National Renewable Resource Laboratory, and interest has been shown by AlliedSignal.

Current and scheduled R&D Activities:

AliiedSignal is considering a cooperative research and development project.

5.3.1.3 Zimmer AG

Available results:

Zimmer AG, from Frankfurt, Grmany, has developed a process that converts nylon 6 from carpets
to caprolactam. The process uses an acid catalyzed reaction at 280°C-400°C to produce a
caprolactam product that is filtered and purified by chemical treatment and distillation. By adding
a proprietary shredding and pre-treatment step to its conventional recovery process, Zimmer has
demonstrated the process's feasibility in the lab.

Current and scheduled R&D Activities:

A 10-20000 t/y semi-commercial plant is planned.

5.3.14 Snia

Availgble results:

This hydrolytic process produces 90kg caprolactame from 100 kg nylon 6. The process uses water,
steam and acid to hydrolyze the polymer. The products are then de-watered by reverse osmosis
and the caprolactame separated by distillation. The reaction residues are incinerated.
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Current and scheduled R&D Activities:
Unknown.

5.3.2 Ammonolysis

5.3.2.1 DuPont

Available results:

Chemical recycling of nylon dates back to the first depolymerization patents from DuPont in 1944.
Proprietary chemical recycling technologies are now available for nylon 6 and nylon 66 which
account for more than 80% of the nylon used today, be it in carpets, car parts or other uses. The
development work at Dupont focussed on the recycling of carpets and began in earnest in 1991.
The technology is now ready to obtain 98-99% fibrous nylon from used carpets. The collection
capacity now (1995) reaches 15 000 t/y in the USA.

The ammonolysis process used runs at 330°C and 7 Mpa using a phosphate catalyst. Subsequent
distillation removes ammonia and carbamate. The rest is selectively distilled to produce a
hexamethylenediamine/aminocapronitrile mix, adiponitrile and caprolactam. The caprolactam is
either recycled to ammonolysis to make more aminocapronitrile or refined to pure caprolactam;
the rest is hydrogenated to yield hexamethylenediamine. The process is flexible enought o work
with many copolymers and with PA 6 and 66 mixtures.

Current and scheduled R&D Activities:

The process was demonstrated in a 1 kg/h unit at Kingston, Ontario, now running continuously.
A nylon depolymerization pilot facility has been started up in Glasgow, DE, in 1993 (230 t/y).
Patent filings on the process continue (a 1994 patent covers the ammonolysis process). A plant in
Chattanooga, TN, produces 1 500 t/y scrap nylon fiber from waste carpets at 98.5% purity to feed
recycling operations. Separation capacity now reaches 4 000 t/y.

A European facility is planned, probably from 2001. A 2 500 t/y North American plant is planned
for start up in 1998 (Maitland, Ontario?). Demand will dictate future investments.

Costs for the recycled resin are estimated (1995) to be 25% higher than for virgin for a 15 000 t/y
unit.
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5.4 Recycling of polyacetals

5.4.1 Glycolysis
The acetal market is limited, making the collection and sorting of acetal resins rarely worthwhile.
5.4.1.1 Hoechst AG

Available results:

In the area of engineering plastics, Hoechst is scaling up a route to recover polyacetal. Hoechst
produces 50 000 t/y of the virgin resin. Lab work has shown that trioxane and formaldehyde can
be recovered by reacting the polymer with a strong mineral acid. The only waste products are
claimed to be small amounts of the catalytic acid.

Current and scheduled R&D Activities:

Unknown

5.4.1.2 DuPont

Available results:
Unknown
Current and scheduled R&D Activities:

DuPont is currently working on the chemical recycling of acetal homopolymer resins. It is
studying plans to build capacity to this end.

5.4.2 Pyrolysis

Dupont in the USA is already using this technique to recover formaldehyde from polyacetal
resins. Hoechst in Germany announced such a facility to come on line in 1995



Survey of technologies for the recycling of plastics waste by chemolysis 33

5.5 Recycling of cellulose

5.6.1 Enzymatic hydrolysis
5.6.1.1 University of Lund

Available results:

Aqueous 2-phase systems have been used for enzyme recycling in enzymatic cellulose hydrolysis
processes so as to reduce process costs in cellulose bioconversion. The optimal process design is a
combination of an aqueous 2-phase system and an ultrafiltration membrane unit. The sugars
produced are recovered by ultrafiltration of the top phase after phase separation. Enzymes and
polymers are recycled , and only buffer and cellulose substrate have to be added to the reactor.
The advantages of bioconversions in aqueous phase systems are:

* the product is continuously removed,

* the polymers stabilize the enzymes,

* the enzyme are recycled, and

* macromolecular and particulate substrates can be used without steric hindrances.

The hydrolysis occurs at 40-50°C, pH 4.5-5.0 in citrate of acetate buffer and separation at room
temperature. The enzymes used are cellobiohydrolase, endo-8-glucanase and 8-glucosidase in a
two-phase system. An ultrafiltration membrane is added to the reactor to reduce enzyme loss. The
sugars produced are recovered in the filtrate. Cellulose concentration in the reactor is maintained
at 80g/1, in large excess to the enzyme concentration. The ultrafiltration of the top phase is started
after 50 h when the sugars concentration reaches 60 g /1. The semi-continuous hydrolysis can be
continued for 1200 h on the initial batch of enzymes.

Current and scheduled R&D Activities:

Unknown

5.6.2 Supercritical hydrolysis

Available results:

“The process is carried out in supercritical or pseudocritical water as reaction medium and in the
presence of acids as catalysts. Polymers including cellulose, lignin, chitin, chitosan, silk, nylon,
polyester, polyurethane, polystyrene, polyethylene, polypropylene, etc. can be treated by the
process.

Current and scheduled R&D Activities:

None known

5.6.3 Methanolysis

Available results:

Cellulose diacetate (having degree of substitution 1.75-2.7) is manufactured from processed
photographic films having cellulose triacetate as a base by contacting the film with a carboxylic
acid and a solvolysis agent, e.g., an alcohol or H,O, and optionally, hydrogen and a hydrogen
catalyst, at 60-180°C for 0.25-48 h. The method provides a simple way for recycling processed
photographic films. The methanolysis of a chopped color movie film in acetic acid using methanol
as a solvolysis agent at 155°C for 2.75 h gave 75% cellulose diacetate (degree of substitution 3.25)
yield.

Current and scheduled R&D Activities:

Unknown
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5.6 Recycling of acrylics

5.7.1 Pyrolysis
5.7.1.1 Metal bath

Available results:

Polymethyl methacrylate can be pyrolyzed to methyl methacrylate by heating it to above 250°C
with at least 90% yield. Up to 97% yield can be obtained by heating the PMMA to 450-500°C in a
sand bed fluidized by an inert gas. The manufacturers of PMMA use the pyrolysis process today in
order to convert clean single PMMA waste back into its monomers in a hot metal bath.

In general, only vinyl addition polymers yield appreciable amounts of monomer via pyrolysis.
This method is also applicable with similar results to polymethyl styrene and poly perfluoro
alkanes.

Current and scheduled R&D Activities:

AtoHaas in France and Para-Chemie (Degussa) in Germany have facilities.

5.7.1.1 (@]

Available results:

ICI licensed its acrylics thermal depolymerization technology to Du Vergier.

Current and scheduled R&D Activities:

Du Vergier is currently operating a commercial facility. ICI is involved in developing novel
technologies for the depolymerization of acrylics.
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5.7 Recycling of polystyrene
5.8.1 Pyrolysis

5.8.1.1 Sanyo

Available results:

Polystyrene produces 40% monomer unless higher nitrogen pressure is added, in which case
yields can reach 90%.

The Sanyo process uses a tubular reactor with a screw for carbon removal and a dielectric heating
reactor. Reaction temperature is around 500-550°C. Fuel oil is produced from mixed plastics and
monomer from polystyrene foam feed.

Current and scheduled R&D Activities:

The Sanyo Electric Company has three plants where pyrolysis is performed on foam polystyrene
but also on mixed plastics: a 0.3 t/d pilot plant, a 2 t/d plant at Gifu and a 5 t/d plant at Kusatsu.

5.8.1.2 European process

Available results:

Styrene yields reach 65% routinely with an acceptable purity.
Current and scheduled R&D Activities:

None known

5.8 Recycling of epoxy resins
5.8.1 Reversible crosslinking

5.8.1.1 Brooklyn Poly

. Available results:

Researchers at the Polytechnic University of New York have demonstrated the feasibility of
reversible crosslinking in epoxy resins on a protoype from Shell (Epon 828). These results were
achieved using sulphide containing curing agents such as 4,4’-dithiodianiline. This opens the door
to new possibilities for the recovery of thermosets. The polymers obtained had properties
comparable to existing commercial epoxy resins.

Current and scheduled R&D Activities:

Research program terminated. It was supported by the US DOE.

5.9 Recycling of polyvinyl chloride
5.9.1 Oxidation

59.1.1 Tohoku University

Available results:

The oxidation of polyvinyl chloride (PVC) in NaOH solutions at 150°C-260°C under a pressure of
oxygen of 1-10MPa produces mainly oxalic acid, benzenecarboxylic acids and CO2. So far, yields
do not exceed 50%.

Current and scheduled R&D Activities:

Unknown
v
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