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Preface

The International Symposium on Feedstock Recycling (ISFR) provides a forum for open
high-level discussions on the chemical and material recycling of plastics and plastics con-
taining waste fractions and to foster relationships in joint research. Scientists, engineers,
officials, and others interested or involved in recycling of plastics are invited to attend and
participate in this triannual event. In so doing, the founders of this event hope to establish
a central vehicle for the rapid exchange of ideas and results emanating from the many
diverse areas associated with the recycling of plastics. The 1% ISFR was held in Sendai,
Japan, in 1999, and the 2" ISFR was held in Ostend, Belgium, in 2002. The 3 ISFR took
place in Karlsruhe, Germany, from 25-29 September 2005.

This volume contains selected papers of the Third International Symposium on Feedstock
Recycling of Plastics & other Innovative Plastics Recycling Techniques. The publishing
of the Proceedings of this Symposium as collection of “mini papers” allows a very large
number of papers to be bound into a single volume giving the reader an overview over
actual fundamental and applied research on feedstock recycling of plastics. The papers
are arranged according to the main conference topics:

1. Pyrolysis or Solvolysis

2. Synthesis gas production by means of gasification or of partial oxidation

3. Energy derived from plastics, rubber, and other high caloric waste streams

4. Innovative techniques in mechanical recycling

5. Life Cycle Assessment and Risk Management in plastic recycling.

The Third International Symposium on Feedstock Recycling was organised by the Institute
for Chemical Technology and Polymer Chemistry, University of Karlsruhe, Germany, by
the Okayama University Center of Excellence (COE) Program for the 215t Century, Japan,
and by the Research Association for Feedstock Recycling of Plastics (FSRJ), Japan. It was
co-organised by Plastic Waste Management Institute (PWMI), Japan, Vinyl Environmen-
tal Council (VEC), Japan, The Council for PET Bottle Recycling, Japan, PlasticsEurope,
European Council of Vinyl Manufacturers (ECVM), and PETCORE, Belgium.

The editors would like to offer their gratitude to the members of the Symposiums’ Scien-
tific Committee for reviewing the submitted papers in much less time than usual. They
also thank Christian Wetzel for his never ending help in the preparation of this book.

M. Miiller-Hagedorn
H. Bockhorn

Karlsruhe,
August 2005
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CHEMICAL CONVERSION OF PLASTIC WASTES

TO MONOMERS
Akira Oku
Research Institute for Production Development
15 Morimoto-cho, Shimogamo, Sakyo-ku, Kyoto 606-0805, oku@ipc.kit.ac.jp

Abstract: To be presented here is that the most appropriate social network for recycling
plastic wastes is the one that centers monomer (or chemical) recycling technology. Sev-
eral merits of this network are: 1) chemical market for recycled monomers is as wide as
the virgin plastic. 2) impurity problem that obstructs horizontal recycling is solvable.
3) prototypes of chemical technology for converting polymers to monomers are known.
4) ideology of reproducing the same plastic from the wastes will change our life-style
better than previous. 5) easygoing policy of biomass-plastic industries that relies on eco-
logical carbon-circle (carbon-neutral circuit) can be abandoned. Several challenges in
industrial scales have started in Japan in the last couple of years in Japan, and we will
see more lights in the near future.

1. Introduction

How to solve the problem of plastic wastes at both manufacturers’ and consumers’ stages
is now a big issue for the global conservation of organic carbon resources, particularly
petroleum, because we are learning that biomass is not almighty in use nor limitless in
quantity. We are also learning now that petroleum-based plastic can become a continu-
ing and reproducible man-made resource while petroleum is not. [1] This reproducibility
may be even greater than the biomass-based plastic materials so far. Therefore, we should
deliberately show to the biomass family a leading model how to store and reproduce ma-
terials within a man-made sphere without relying on ecological carbon-neutral circuits
(Scheme 1). [4]

Answer to the issue can be obtained from different facets: [2] e.g., (1) innovation in the
design of plastic materials directed toward longevity and recyclable property based on
resource productivity, (2) line-up of versatile recycling technologies based on monomer
recycling, (3) innovation of economic and industrial networks for improving the flow of
plastics based on material-lease concept. (4) energy- and resource-saving assessment in
the plastic reproduction on wide-viewing, deep-sighting, and long-term bases.

To actuate such efforts by chemical means, human society must repeatedly use plas-
tic materials before reaching nonrenewable termination. Indeed, toward this goal, many
resource-conscious scientists have been devoting themselves for decades. In Japan, a
number of colleagues in academia and industries have demonstrated that plastics can be
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effectively recycled practically via monomers. [2] In a variety of recycling styles of plastic
wastes, the monomer (chemical) route seems to be a primary solution of the issue because
it reproduces the identical parent plastics and consequently benefits the mother market.

[2]

In this chapter, the current technologies of monomer (chemical) recycling and their facing
problems in Japan shall be described. In addition, the author proposes a new revision of
resource concept by adding an intellectual criterion of importance. [14]

2. State of arts in the monomer recycling of plastic wastes in Japan. What is wrong,
what is beneficial for posterity?

On the basis of chemical recycling concept, poly(ethylene terephthalate) (PET),
poly(carbonate) (PC), and poly(olefin)s (PO) have started their recycling in industrial
scales. A conceptual problem there exists is that while petroleum-based plastic (PBP)
pays effort in recycling, biomass-based plastic is not taking the same track [4] by delib-
erately naming it “bio-degradable plastic (BDP)”. The people in that business stress that
biomass is reproducible via the “carbon-neutral” circuit and, therefore, its plastic products
are not necessarily recycled. This contradicts the way of PBP. Indeed, biomass-based
plastic (BBP) is an important eco-material but BDP is not because the latter is not recy-
cled. In the same sense, PBP are more ecological and reproducible materials than BDP.
Scheme 1 shows that BBP (or BDP) must be recycled as many times as possible because
its manufacturing energy that is consumed from the resource stage is greater than PBP
in general. Based on this concept, several chemical recycling technologies for PBP have
started their business in industrial scales in Japan.

Figure 1: Recycle Circuit of Organic Resources.
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2.1. Poly(ethylene terephthalate) (PET)

Chemical recycling of PET was once under world-wide consideration a decade ago limit-
ing the target only to the post-manufacturer’s wastes. However, no serious attention was
paid to the post-consumers’ wastes until the beverage bottle problem became a serious
hazard of wastes.

Figure 2.
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After the observation that the PET bottle market is expanding, two Japanese companies
started the chemical recycling of PET in early 2000. [5] Teijin Fiber Co. employed a
combination of methanolysis and glycolysis while AIES Co. employed glycolysis. Two
more methods followed, alkali-decomposition with anhydrous base in ethylene glycol and
methanolysis in supercritical fluid. The outlines of those four methods are illustrated in
Scheme 2. Their technologies seem to have no problem but they are, in fact, struggling in
the waste bottle market facing a big Chinese demand for waste plastics.

2.2. Poly(carbonate) (PC)

Teijin Chemical Co., the top PC maker in the country, has recently turned on the green
signal to run the chemical recycling of PC wastes which are collected from both post-
manufacture’s and post-consumer’s stages. Scheme 3 illustrates the material flow in this
method. The chemical method employed is classical and one carbon is lost in the form of
alkali carbonate. This is because optically high purity is needed for the reproduced PC
and a low cost for facility investment must be needed. How to effectively collect cleaner
wastes is again a big problem.



6 ISFR - 2005

Scheme 3: Poly(Carbonate) Monomer Recycling
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In parallel, the recycling of all chemical portions of PC by means of solvolytic methods
have been investigated. [6] The target monomer products are bisphenol A (BPA) and car-
bonate esters, e.g. diaryl carbonates and dialkyl carbonates. Other targets besides BPA
are 3-dimethyl-2- imidazolidinone (DMI) and several cyclic carbonates derived from the
solvolyses of PC with diols and triols, dithiols, diamines and other mixed functionalities
(Scheme 4). Treatment conditions are catalytic, mild, and easy to operate with compact
facility. The product itself can be used as the solvent without using conventional solvents.
Thus, to be noted is that the carbonate portion of PC can be utilized as a reactive and non-
chlorine phosgene equivalent.

Scheme 4: Chemical Utilization of PC as Phosgene Equivalent.
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2.3. Poly(olefin)s

The majority of plastic wastes is, of course, poly(olefin)s (PO) and few attention has been
paid to its chemical recycling except liquefaction to fuel oils. This was due to its numer-
ous pollution by additives, difficulty of direct monomer recycling, and low oil price. In
this sense, industrial societies have long ignored its chemical recycling and not innovated
material design nor material flow systems to treat it only as wastes and refuses.
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Recently, Japan Energy Co. started to extend the liquefaction technology to produce naph-
tha from PO wastes. This trend is the most important challenge of the chemical industry
and it must be widely supported by all industries with collaboration. The author believes
that without solving the problem of PO wastes, chemically sustainable society would
never be realized.

2.4. Silicone rubbers and fillers

Many plastics in engineering fields are composite materials made of thermosetting net-
work polymers and fillers, causing difficulty in chemical recycling. Because the advan-
tage of chemical recycling is to produce monomers of the original plastic, efforts to retro-
polymerize thermosetting plastics under low-energy processes must be developed.

Organosilicon is a typical target because its global production has reached a few million
tons to cause the same problems as conventional plastics. Additional problem is that it is
incombustible and consumes a large amount of energy during its production from the re-
source. Since decades ago, the equilibrium that exists in the acid-catalyzed polymerization
of cyclosiloxane oligomers was utilized for chemical recycling of poly(dimethylsiloxane)s
(PDMS). [7-12]

Recently, advanced methods for the base-catalyzed retro-polymerization of vulcanized
filler-containing PDMS rubbers to cyclosiloxane oligomers were reported [13] in which
tandem catalyst systems such as KOH and a buffer acid was used. To recover both oli-
gomers and filler, dissolution of rubbers and advanced separation of fillers before retro-
polymerization were made successful by use of a triad solvent system. Further, to avoid
the formation of alkali-metal silanolate, tetramethylammo-nium hydroxide (TMAH) was
used as an appropriate base-catalyst without deteriorating the surface of silica fillers.
Thus, both cyclosiloxanes and fillers can be recovered catalytically.

4. Comparison of chemical recycling vs. other methods

Plastic wastes are reproducible resources. Nevertheless, the major technologies that are
still employed to solve the plastic wastes problem are still energy recovery and coke
substitute. This deplorable worldwide trend of treating plastic wastes as refuse but not as
reproducible organic resources must be abandoned. Plastic should be recycled to the same
plastic because it still conserves large amounts of manufacturing energy still in the waste
forms. [2a, 4, 6]

Eqg 1 shows the answer to justify material and chemical recycling over incineration. The
material and chemical process must satisfy the balance of the equation,

SE =E +E,-E,-E,>0 (1)
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where E, = oil required as the energy for plastic manufacturing, E, = oil as material re-
source, E, = oil required as the energy in reproduction process of plastic, E, = oil equiva-
lent to the energy recoverable from incineration.

If the balance ZE_ is positive, plastic wastes should be recycled because more than the oil
corresponding to XE_can be saved, meaning that this oil is reproduced in addition to the
plastic reproduction. A number of poly-condensation plastics including PET and PC are
known to qualify this requirement so does poly(olefin)s. To be stressed is that the systems
and technologies are still the matter of continuous improvement.

5. Novel definition of resources for sustainability

Now, it is the time to revise the definition of resources for the future sustainable society
because we know petroleum resource is rapidly depleting. Table 1 proposes the revised
definition of organic resources in which the most important facet is an intellectual term
(4) which is newly added to the conventional materialistic terms (1)-(3). [14]

Table 1: Definition of Organic Resources: A New Version.

Category Definition Territory
Organic resources obtained from Crude oil, coal, peat,
1. Petroleum | earth crust or deep-sea, shielded from | natural gas,methane
atmospheric carbon circuit. hydrate, etc.

Organic resources produced
continuously from atmospheric or
2. Biomass | oceanic carbon circuit. Agricultural
and fishery wastes produced from
primary consumption.

Wood, vegetable, animal,
fish, unutilized plant
wastes, biological wastes,
etc.

Post-manufacturers- &

3. Plastic Used plastics possessing the post-consumers plastic
' properties of parent materials and wastes (both petroleum-
wastes and . i . .
) reproducibility. Materials designed to | & biomass- based); Used
equivalents _ - .
be recycled in the beginning. fabric; Used paper; Scrap
wood, etc.

4. Intellectual | Intellectual and mental training on the
lifestyle of | spirit of [ware tada taritaru wo siru] ;
controlling Life style based on [Mottainai] mind;
our egoistic | Happiness with minimum resource
satisfaction | and energy consumption; Frugality;

Thoughtfulness of posterity.

Industrial activity style;
Consumers life style;
Educational workshop;
Economic and diplomatic
policy, etc.
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Taking the plastic resources in consideration, the first resource (1) is petroleum that was
and will be most reliable for long. In parallel, the second resource (2) is biomass that
connects our future dream more or less to sustainability because, in principle, biomass
is reproducible regardless of how we behave now. Definition of the third resource (3)
includes plastic and other massive organic wastes. This is rather new but not novel nowa-
days. Regardless of petroleum or biomass, plastic wastes reserve considerable amounts
of manufacturing energy which is generally larger than the petroleum used for materials.
Thus, incineration and biodegradation are the methods that reject this precious energy
wastefully and do not recover it.

The fourth definition of resource (4) proposed here is a novel addition. It centers a Zen
concept [: ware tada taritaru wo siru], an old Japanese-Chinese phrase being taught at
Zen temples, and it is a powerful help of “Reduction” among three Rs. This phrase deal-
ing with the problem of intellectual control of satisfaction must be translated to meet the
future life style with deep appreciation. It says that without intellectual and mental power,
we could never control our egoistic demanding for economic prosperity, technology, and
easy way of life. This is also equivalent to another phrase “frugality is the biggest natural
resource” as is proposed by H. Shingu. [15]

Although term (4) is our eternal problem, other terms are solvable. The solution is hold by
industrial, economic, and political society whose eyes are directed toward posterity.
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PYROLYSIS OILS OF PLASTIC WASTES
M. Blazso
Institute of Materials and Environmental Chemistry, CRC, Hungarian Academy of
Sciences, Budapest, Hungary, blazso@chemres.hu

Abstract: A series of synthetic polymers that are frequent components of several types
plastic wastes have been pyrolysed, and the resulting oils were analysed by GC-MS. The
relative contribution of four distillation fractions of pyrolysis oil (gasoline, diesel oil,
heavy oil, and wax) depends very much on the nature of the polymers pyrolysed. Gasoline
fraction in rubber, ABS, ester segmented polyurethane, phenolic resin and PVC pyrolysis
oil are similarly dominant, but their chemical composition is quite different. The detailed
analysis of the oil constituents reveals the dangers of polluting or toxic compounds or
precursors, as well as reactive components. A few potential upgrading ways are demon-
strated by transformation and/or elimination of toxic and reactive compounds with silica-
alumina or zeolite catalysts.

1. Introduction

Most polymers composing the wide variety of plastic wastes are converted at least partly
to compounds of low molecular mass by pyrolysis, in a volatility range typical for oils.
The plastic waste pyrolysis oils are expected to have of high calorific value because of
their high carbon and hydrogen contents. Nevertheless, the chemical composition of sev-
eral widespread polymers differs considerably from that of petroleum, having much high-
er oxygen and nitrogen content. The pyrolysis oils of such materials are of less promising
quality. Moreover, other characteristics of oils - such as stability and cleanliness - should
be also seriously taken into consideration, when wastes are the feed of pyrolysis oil gen-
eration.

On line pyrolysis-GC/MS analysis of a plastic provides fast and one run information on
the chemical composition of pyrolysis products within the whole range of volatility from
gases to heavy oils [1]. In this work results obtained by this method on a variety of plastics
are outlined in order to achieve a wide-ranging picture on the relation between the nature
of plastic waste and the chemical composition of the pyrolysis product components of
various volatility in the resulting pyrolysis oil.

The detailed analysis of the constituents of pyrolysis oils produced from common waste
plastic types reveals the presence of reactive components responsible for oil instability,
moreover, toxic compounds or precursors could be also traced. Potential upgrading ways
of the pyrolysis oils are proposed for the elimination of such elements.
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2. Oil obtained by thermal decomposition of waste plastics

Oils are generated from most synthetic polymers at above the temperature at which they
start to decompose: generally between 350-600 °C. At considerably higher temperatures
thermal cracking commonly produces more gaseous products, while carbonisation lead-
ing to char may be also more extensive. The pyrolytic oils characterised in this work
were obtained for each polymer at 50-100 °C higher temperature than the decomposition
started.

2.1. Volatility ranges of plastic derived oils

For comparing the pyrolysis oils of typical waste polymers as to distillation fractions,
GC/MS total ion chromatographic peak areas were integrated over four volatility ranges,
corresponding to the boiling range of gasoline (50-220 °C), diesel oil (220-340 °C), heavy
oil (340-420 °C) and wax (420-480 °C). Although integrated total ion intensities are not
truly proportional to the masses of the corresponding compounds, a rough estimation of
the contribution of the various boiling ranges to the total pyrolysate can be made based
on the relative peak areas of the pyrogram obtained by Py-GC/MS, displayed in Figure 1.
Only the oil of polyolefins (PE and PP), moreover that of aliphatic polyether and polyester
segmented polyurethanes contained considerable proportion of very low volatility (waxy)
fraction. Important percentage of diesel and heavy oils is characterising the pyrolysis
product of epoxy resin, PET, Nylon 6,6 and polycarbonate, while the fraction of gasoline
volatility found to be dominant in the pyrolysis oil of ABS, phenol-formaldehyde novolak,
rubber and PVC.

2.2. Compound types of oil components

The compositional analysis is an essential part of the quality evaluation of pyrolysis oils,
it is even more important than in the case of the petroleum derived fuels. The compound
types of twelve synthetic polymer pyrolysis products are listed in Table 1.
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Figure 1: Contribution of the various boiling ranges to the total pyrolysis oil of synthetic polymers
(Short names of the polymers are defined in Table 1).
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Table 1: Chemical composition of the various pyrolysis oil distillation fractions.

Pyrolysis products

Polymer . Shortname | Volatility | Compound type
' range (°C)
Polyethylene PE 50-480 n-alkanes, -alkenes, -alkadienes
Polypropylene PP 50-480 iso-alkanes, -alkenes, -alkadienes
Polyisoprene Rubber 50-420 iso-alkadiene, alkenylcycloalkene
Phenol-formaldehyde Phoform 50-220 | phenol, alkylphenols
novolak 340-420 ' alkylenebisphenols
50-340 aromatic acids, esters
Poly(ethylene PET : _
terephthalate) 340-420 ' aromatic esters
70-220 phenol, alkylphenols
Polycarbonate PC 220-340 alkenylphenols, phenylalkylphenols
340-420 alkylenebisphenols
50-220 phenol, alkylphenols
Epoxy resin Epoxy 220-340 alkenylphenol
340-420 alkylenebisphenols
Poly(vinyl chloride) PVC 50-340 aromatic, alkylaromatic
Pon(_acronnltrlle—co— ABS 50-420 | alkeny_l—,_ alkylbenzene alkenyl-,
butadiene -co-styrene) 5 alkylnitrile
50-220 alkanediole, alkanoic ketone, ether
Polyurethane, polyester | 220-340 : alkanoic esters
. PU-ester ! o
segmented 340-420 : aromatic isocianate
420-480 | alkanoic esters
50-220 alkanediole, alkanoic ethers
Polyurethane, polyether | o . 220-340 | alkanoic ethers
segmented 340-420 | aromatic isocianate
420-480 : alkanoic ethers
) 50-220 : alkanoic ketone, -amine, -nitrile
Polyamide 6,6 Nylon 6,6 | )
220-420 : alkylamides
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The chemical nature of pyrolysis products varies from polymer to polymer and in several
cases from fraction to fraction as well. Although the compounds originating from the
thermal decomposition of a given polymer are reflecting the chemical structure of the
macromolecule, the disintegration pathway more often leads through the rearrangement
of a particular molecular segment than by mere scission of the chemical bonds [2]. In
some cases the elemental composition of the pyrolysis oil is noticeably different from that
of the source polymer due to the elimination of small molecules in to the gaseous phase,
such as carbon monoxide and carbon dioxide from polyester, polyamide and polycar-
bonate, water from polyamide and phenolic resin, aceto- and acrylonitrile from ABS, and
hydrogen chloride from PVC.

There are several reactive compounds in nearly all kinds of pyrolysis oil that are respon-
sible for instability, such as alkenes, alkadienes, alkenyl group containing compounds
produced from PE, PP, ABS and rubber, phenols from phenolic and epoxy resins and
from polycarbonate, acids from polyesters, isocianates from polyurethanes, amines from
polyamides. Hence the fractions in which these components are present must be treated
to enhance their stability, if stored or transported prior to utilisation.

2.3. Polluting or toxic compounds

The pyrolysis oil of plastics wastes for fuel utilization should be strictly controlled be-
cause they contain not only hydrocarbons. The materials composed only of hydrogen
and carbon atoms are producing only carbon oxides and water when burned completely.
But plastics contain components originating from processing (colorants, fillers, soften-
ers, flame retardants, antioxidants, etc) that may be the source of polluting or toxic com-
pounds. From the point of view of environmental protection we must be aware of the
presence of chlorine- and bromine-containing compounds in the plastic wastes. PVC is
the most frequent source of chlorinated components, while brominated compounds ap-
plied for flame retardance may have also important contribution for instance in electronic
wastes. The critical combustion products of nitrogen-containing compounds (amides,
amines, nitriles) the nitrogen oxides (NOX) are not welcomed either. Fortunately syn-
thetic polymers rarely contain sulfur, so evolution of sulfur dioxide is atypical in the case
of most pyrolysis oils.

3. Upgrading pyrolysis oils

The technologies developed for refine petroleum-derived fuel oils are available but should
be utilized with precautions for improving pyrolysis oils. The special characteristics of
nearly each of the huge variety of pyrolysis oils require new techniques for getting stable
and clean fuel.
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3.1. Changing volatility range

Since several polymers are decomposing to numerous compounds by pyrolysis covering a
quite wide distillation range, silica-alumina and zeolite may be useful catalysts for chang-
ing volatility range of pyrolysis oils [3]. In Figure 2 the chromatograms of the same HDPE
pyrolysis oil are compared when passed through a sodium zeolite and a fluid cracking
catalyst bed. It is important to note that not only the volatility but the nature of the prod-
ucts are also changed: alkenes and alkadienes have been transformed partially to alkanes
by sodium zeolite and to aromatic hydrocarbons by fluid cracking catalyst.
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Figure 2: Gas chromatogram of HDPE pyrolysis oil obtained at 500 °C (bottom)
that passed through Na Y zeolite (second row) and through FCC bed (top).

Cracking catalysts are converting dimers and trimers produced by pyrolysis from ABS in
to monomers. In this way the gasoline range fraction in the pyrolysis oil is considerably
enhanced, at the same time the unsaturated compounds are partially saturated, namely
ethylbenzene formed from styrene. Moreover, the nitrogen content of the gasoline frac-
tion is diminished, because acrylonitrile monomer moved out to the gaseous phase.

3.2. Elimination of reactive components

The key factor of maintaining oil properties during storage and transport is the inertness
of the oil components. Viscosity can change drastically due to polymerisation or conden-
sation reactions when compounds with reactive functional groups are present. The reac-
tive acidic components of pyrolytic oils of polyesters may be eliminated either by sodium
zeolite or by weakly acidic aluminated MCM-41 catalyst as demonstrated in Figure 3.
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Figure 3: Gas chromatogram of PET pyrolysis products at 500 °C (bottom),
that obtained through Na Y zeolite (second row), and through MCM-41 silica-alumina (top).
Ac, aromatic carboxylic acid; E, aromatic acid ester; b, benzene; d, biphenyl.

3.3. Elimination or separation of polluting compounds

Chlorinated organic compounds may be formed during pyrolysis of such plastic wastes
in which PVC is one of the components [4, 5]. Brominated bisphenolic flame retardants
thermally decompose to bromo-, dibromo- and tribromophenols. It must be taken into
consideration that chlorinated and brominated phenols are precursors of polychlorinated
and polybrominated dibenzodioxins (PCDD and PBDD), thus dehalogenation is essential
before using halogenated phenol containing pyrolysis oil as a fuel. Sodium forms of zeo-
lite (13X and NaY molecular sieves) proved to be successful dehalogenating catalyst for
cleaning pyrolysis oils of electronic wastes [6].
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Abstract: As already introduced in ISFR99 and ISFR2002, Sapporo Plastics Recycling
Co., Ltd. (SPR) in Sapporo Japan and Rekiseikouyu Co., Ltd. in Niigata Japan had de-
veloped and put to practical use of the liquefaction processing plant for municipal waste
plastics including PVC and PET. SPR’s system is designed for 14,800 ton (7,400 ton / year
x 2 lines) per year of municipal waste plastics, and has been operated since 2000. And
Rekiseikouyu’s system is designed for 6,000 ton per year of municipal waste plastics, has
been operated since 1999.

From the 2004 fiscal year, the actual proof of the Feedstock Recycling which returns the
generation oil of both the liquefaction processing plant of Sapporo-shi and Niigata-shi to
an oil refinery was started towards realization of liquefaction - Feedstock Recycling of a
future waste plastic still more.

1. Introduction

The Kyoto Protocol also went into effect this year, and everybody’s positive measure
which turned the global warming stop to reduction of the greenhouse gas in an earth
scale at the slogan has been needed increasingly. Should not just Japan which imported
especially most petroleum resources in large quantities, and has enjoyed the comfortable
living environment for it to origin stop exporting a waste plastic easily, and should not
tackle construction of resource circulation type society and local adhesion type recycle-
orientation?

Although the self-governing bodies which collect a waste plastic separately are increas-
ing in number gradually in Japan, ,, liquefaction - feedstock recycling* of a waste plastic
makes the basis of the waste plastic recycling in Container Packaging Recycling Law of
Japan as a positive measure for the resource circulation type society rooted in an area
while having the feature which was excellent in the correspondence to a resource drain



20 ISFR - 2005

problem, reduction of environmental load, the flexibility of a recycled article, the possi-
bilities to the future, etc., and thinks that the further promotion and progress are required.
Even if it turns its eyes to the crude-oil jump of these days, we think that the importance
is increasing day by day.

2. Outline of Plastic Recycling Plant in Japan

Two large-sized waste plastics liquefaction processing plants are located in Japan now.
Sapporo Plastic Recycling Co., Ltd. (abbreviated name; SPR) was installed in Sapporo-shi
which performs the original idea of Container Packaging Recycling Law faithfully and
the basis of the Sapporo citizen cooperation, and the city recycling housing complex, and
time was started to formal enforcement of the law and it started commercial operation in
April in 2000 in all.

Toshiba Corp. takes charge of technical development, a design, and construction, and
waste plastic acceptance capability is 14,800t/year (7,400t/year (21.75t/(day)) x 2 lines).
Although five years or more pass after an operation start, by the load beyond predeter-
mined capability (the amount of piece series of liquefaction processing equipment rated
processings; 20t/(day)), stable operation is continued favorably. In Japan, the amount of
waste plastic arrival of goods has also increased every year in the situation whose self-
governing body which collects a general system waste plastic separately increases gradu-
ally.

On the other hand, although Rekiseikouyu Co., Ltd. in Niigata-shi will pass seven years
or more after an operation start, it receives the general system waste plastic of Niigata-shi,
and is continuing operation favorably.

3. Track Record QOutline of SPR Plant

The general system waste plastic collected by type from ordinary homes by the coopera-
tion of a self-governing body to collect separately is liquefaction processed after carrying
in and a pretreatment after foreign substance separation of metal with the sorting facili-
ties of each self-governing body in the back liquefaction processing plant compressed and
packed up in the shape of a veil.

3P (Polyethylene(PE), Polypropylene(PP), Polystyrene(PS)) are suitable for processing,
and although Polyvinyl chloride(PVC), Polyvinylidene chloride(PVDC), and Polyvinyli-
dene terephthalate(PET) are unsuitable and it also becomes the prevention factor of cor-
rosion or a blockade, as for 3P contained in the general system waste plastic discarded
from a home, various waste plastic and a foreign substance are intermingled at about 60
percent. The liquefaction processing plant enabled processing in the state (a SPR plant in
all [ PVC, PVDC, PET ] about 18%) where PVC with difficult sorting, PET, etc. mixed,
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out of the collected general system waste plastic, and it was realized aiming at the stable
type recycling plant of the local adhesion type which liquefaction-processing a general
system waste plastic collectively.

From the 2004 fiscal year, the actual proof of the feedstock recycling which returns the
generation oil of both the liquefaction processing plant of Sapporo-shi and Niigata-shi to
an oil refinery was started towards realization of ,,liquefaction - feedstock recycling* of a
future waste plastic still more.

Generation oil are fractionated and collected by light oil, medium oil, and heavy oil, and
a residual substance, off-gas, and chloride are generated and they are collected.

The generation thing recovery ratio of a SPR plant is shown in Figure 1.
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Distilled light oil
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Figure 1: The generation thing recovery ratio of a SPR plant.

The newest situation of a SPR plant is outlined below.

A generation thing as for medium oil and heavy oil is utilized as fuel for the boiler for a
local community-central-heating institution, and pelletized residual substance (powder)
which is powdered among generation oil is utilized as fuel for the boiler for combustion of
Sapporo sewer office sewer sludge, or a paper manufacture company, and it has realized
the local adhesion type recycling reused locally.

Receiving the result of oil refinery introduction prior evaluation research of Japan Energy;,
light oil has transported to the Mizushima Oil refinery in Japan Energy Corporation with
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the light oil generated in Rekiseikouyu Co., Ltd., Inc. of Niigata-shi in order to aim at the
feedstock recycling to oil refining from April, 2004, and actual proof operation which
utilizes hydrogenation refining equipment there and attains reuse-ization as petroleum
products was started. This ,liquefaction - feedstock recycling® is the first in Japan. The
track record that waste plastic generation light oil could be processed favorably without
problem was made a 2004-fiscal year.

Moreover, chloride is also recycled as a neutralizer of a local papermill among generation
things, and stable operation is under continuation in the state of full recycling except slight
moisture and pretreatment residual substances (metal foreign substance etc.). Transition
of the amount of waste plastic arrival of goods and the amount of liquefaction processings
for every fiscal year since SPR plant operation start from 2000 are shown in Figure 2.
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Figure 2: Transition of the amount of waste plastic arrival of goods and the amount of liquefaction
processings for the every fiscal year since SPR plant operation start from 2000.

Main technical features are the following three points.

1) The measure against mixing of PVC and PET in a waste plastic

2) Normal pressure thermal reactor which raised the rate of liquefaction conversion
3) Generation of the oil which is excellent in flexibility

Main technical issues for success of these systems were countermeasures for decomposed
gas of PVC and PET that may cause blockage or corrosion of the systems, we have con-
quered these technical issues and continuing favorable stable operation.

In recent years, in Japan, the amount of PET used is increasing and the amount of PET
mixing to the liquefaction processing plant is increasing. The quantity of PET mixed into
waste plastic materials in connection with this has also been increasing. (In SPR, about
15% of PET mixes)

However, when PET mixed into the waste plastic, benzoic acid generated in heat decom-
position at low temperature (400 °C or less), and also in SPR, the following big two prob-
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lems arose in the initial stage of operation owing to this.
1) Distillation tower is damaged by high temperature corrosion.
2) Blockade of heavy oil piping and heat exchanger by the corrosion product.

As solution of these problems, the measure which adds the small quantity of slaked lime
was performed to the pelletized waste plastic by SPR.

The benzoic acid generated by heat decomposition of PET became benzoic acid calcium
(solid) by this, this will come to be discharged by the residual substance, and mixing in
generation oil will be avoided. This measure is successful, the measure against PET mix-
ing which could not be made in what the liquefaction processing plant is achieved, and it
came to be able to perform stable operation after it.

4. Progress Situation of Feedstock Recycling

Although decomposition oil is distilled and being fractionated in both the liquefaction
processing plant of Sapporo-shi and Niigata-shi to light oil, medium oil, and heavy oil,
there are many generation ratios of the light oil of gasoline, and surplus lightweight crude
oil has occurred according to change and the seasonal factor of the amount of accept-
ance.

From the 2004 fiscal year, actual proof operation of feedstock recycling was started at the
Mizushima oil refinery. Actual proof operation which aimed at application to the techni-
cal real equipment developed on the laboratory level aims at grasp of the problem at the
time of the light oil processing in real equipment, and establishment of the solution.

The subject for performing actual proof operation, its purpose, and the present situation
are shown in Table 1. It generates in both the liquefaction-processing plant, and light oil is
transported to the Mizushima oil refinery, and is once sent to the tank.

Hydrogenation refining equipment has the function to remove the nitrogen compounds,
sulfur compounds and so on for using as naphtha for petrochemical industry. About 800kl
of light oil was treated in the 2004 fiscal year. Various problems were able to be cleared
and it was able to leave the track record that light oil could be processed favorably. The
waste plastic generation light oil of as planned 1500kL of the beginning the 2005 fiscal
year which corresponds in 2nd of actual proof operation is due to be processed.
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Table 1: Check item at the time of actual proof operation in an oil refinery.

Mixed stabilities

time of mixture with the
equipment materials oil for

Check item Purpose The present situation
. Grasp of the variation in the <.G 00d>. .
Properties . o .| The properties of light oil are
quality of decomposition oil
stable.
e <Good>
Storage stabilities Grasp of th: f;ﬁﬁ'“ty within There are no problems for
storage.
Grasp of the stability at the <Good>

There are no problems of
mixing with various fractions

Corrosive

piping.

processing of petroleum.
Dirt to heat exchanger and a <Good>
Thermal stabilities heating furnace, influence of | There are no influence on the
getting blocked. fouling.
Influence on into a tank and <Good>

With no problem in operation

Hydrogenation refining

Examination of process-
ing conditions, influence on
a catalyst life and product
quality.

<Good>
There is no influence on a ca-
talyst life and product quality.

5. Future liguefaction - feedstock Recycling Model

In both the liquefaction process plant of Sapporo-shi and Niigata-shi, the operation track
record is steadily improved as a liquefaction-processing plant which can also accept and
process the waste plastic which is not suitable for liquefaction process of PVC, PET, etc.
for general system waste plastic. By carrying the generation oil of an liquefaction process
plant into oil-refining plants, such as an oil refinery, as it is as in the future as promotion of
feedstock recycling, the true recycling returned to the oil which is the materials of waste
plastic where the large cost cut of liquefaction-processing plant is aimed at is realized, it
is more economical, discharge of carbon dioxide is suppressed as much as possible, and
the prospect that the small adhesion type advanced chemical recycling plant of environ-
mental load is realizable is fully. The ,,liquefaction - feedstock recycling model plan* to
realize the above is shown in Figure 3.



Pyrolysis / Solvolysis 25

6. Conclusion

Wiaste plastic liquefaction which is true resource circulation recycling of a plastic - oil
refinery feedstock recycling - plastic production of the generation oil by liquefaction -
the prospect that the circulation loop of the formation of waste plastic oil was realizable
showed a certain thing enough.

For Japan which depends for most crude oil from the Middle East on import, the measure
against security of petroleum-resources energy is becoming still more important by the
crude-oil jump of these days. It is thought that it is indispensable to promote the technol-
ogy of the formation of feedstock recycling of a waste plastic when establishing local
adhesion type recycling and recycling technology which build true recycle orientation and
resource circulation type society, and the whole world reaches far and wide. On the occa-
sion of Container Packaging Recycling Law revision this year in Japan, this fundamental
soul is incorporated exactly, the priority of “liquefaction - feedstock recycling” increases,
and it is requested strongly that the ground in which this technology spreads through the
world widely is established.
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Abstract: A small-scale fuel production is an important solution to the feedstock recycling
of post-consumer plastic wastes in terms of the costs of waste collection and transporta-
tion in current waste treatment businesses in Japan. A tank reactor has been the major
plant in the Japanese R&D history of the small-scale production of fuel oil. The perform-
ance of a tank reactor was examined and a new type of a flow reactor termed ““moving-
bed reactor’” was proposed to meet the small-scale feed stock fuel production with respect
to the performance in terms of coke formation and continuous operation.

1. Business background of feedstock recycling of waste plastics

Waste plastics generate at many factories and offices in scattered places, and by small dis-
posal amounts. There is a trade-off between the economics of a large-scale processing and
the various demerits of a large-scale transportation. Small-sized plants of 2 — 6 ton/day
are required for the cost effective processing of on-site recycling in each factory or a local
community in terms of the costs of collection and transportation and the current business
scale of waste-treatment companies in Japan. Despite to the many projects for over three
decades, there is no small-sized reactor commercially operated for oil production from the
waste plastics under the schemes of Containers and Packaging Recycling Law.

In Japan, there are several large-scale processes larger than 20t/d for the production of
fuel oil and syngas, in which the facilities were built under the strong financial supports
of the government. However, medium and small-sized enterprises cannot operate their
recycling businesses by using such large plants with respect to the plant cost and the uses
of the large amounts of the products. Additionally, one suspects the larger-scale transpor-
tation giving the more critical environmental pollution to the local community as well as
the more fuel consumption.

2. Some backgrounds in reactor selection

As a small-sized plant for plastic wastes recycling, a fluidized-bed reactor is not com-
mercially operated in Japan due to the cost and operational problems. A kiln is a typical
facility for incinerating or drying solid wastes. The waste plastics liquefaction in a kiln
requires energy-consuming external heating rather than internal heating because of the
formation of inflammable gas. To save the energy input, a fluidized-bed reactor with par-
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tial oxidation is commercially operated as a part of a large-scale production process for
syngas production. The high facility costs of the gas supply for fluidization and partial
oxidation and the operational complexity are overcome by the large-scale production of
the product at high market values. However, this will not meet to the small-scale recycling
in a factory or local community.

Polyolefins are converted into volatile compounds via viscous polymer melts. The oil
production business was not profitable because of the low quality of the oil products and
the low performance of the conventional type of small-sized plants.

A tank reactor has been a typical reactor for oil production in Japan, which is originally
designed for a liquid-phase reaction. The obstacles to achieve the profitable business of
oil production are caused by the inappropriate selection of the reactor. The low process-
ing ability of the plant, typically of a tank reactor, is found in the processing rate and the
yields of the products.

In this paper, the technical and the economic problems were examined in the polymer
decomposition using a tank reactor with respect to the slow heat transfer to polymer melt
and the large coke formation. A new reactor for plastics treatment termed moving-bed re-
actor is proposed to meet the business demands, and the performance of the reactor were
compared with that of a tank reactor.

3. Features of polymer decomposition in a tank reactor

3.1. Simulated heat transfer to polymer in a tank reactor

The Kinetic analysis based on molecular weight
o o r=05| r=025 Ir=om
distributions of a polymer with time was proposed | —
because one can discusses the decomposition ki- [~ I
netics of polymer melt rather the rate of oil distilla- |
tion in the conventional kinetics [1, 2, 3]. However, |
the crucial problem to the practical process for — «—
polymer decomposition is often the effective heat . «—
transfer to a polymer and the reaction intermedi- — «—
ates from a heat-transfer surface. Heat transfer to | Heat Heat
polymer melt [4] is empirically known to govern Figure 1: Polymer in a tank reactor.
the processing rates of a commercial reactor. Dif- | polymer temperatures were
ferent from polymerization reactor modelling, | simulated based on the balance of
th h b litt] f th tical heat input from the wall and heat
€re have been Hittie references on theoretica loss by reaction and volatilization
modelling of the heat transfer of a polymer at de- | of the reaction products.

composition in a reactor. A preliminary simulation
was performed by using Eqgs (1) and (2) under the conditions in Table 1.
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peCpe(OT/AN) = ke[(LIN+(@TIAN) + (@2TIAr2)] — AHrep — AHvep (1)
dPYdt =k, P()  (2)

To simulate the temperature of polymer melt at pyrolysis, a tank reactor of 1m in diam-
eter is assumed to be filled with polymer without vacancy (Fig. 1). The polymer is heated
only from the reactor wall but not from the bottom. The horizontal distributions along the
radius of polymer temperatures were simulated as preliminary examinations. Constant
values are assumed as follows; total amounts of the heats of reaction and volatilization of
1.6kJ/g, density 1000kg/m?, thermal conductivity of 1.0 W/(mK™*), pre-exponential value
is 4.3x10®min* and E is 24.4 kcal/mol concerning k;. The reactor wall temperature is at
600 °C in an instant at time 0, the temperatures of polymer at r = 0 (center of the reac-
tor), r =0.25m, and r = 0.5m (inner surface of the reactor) were shown in Fig. 2. Although
stir and natural convection are ignored in this example, the rapid raise of polymer tem-
perature T(r=0.5) was observed only near the reactor wall. Even if a mechanical stirrer is
equipped, it is difficult to stir polymer melt until it becomes a low viscous liquid.

Table 1: Mathematical modelling conditions.

Purpose of modelling and assumptions

1. This mathematical model aims to draw temperature distributions of a polymer melt
in a tank reactor.

2. The temperature distributions along a radius of a tank reactor are calculated. The

distribution along a vertical axis of a tank reactor is ignored.

Flow with stir or convection is ignored.

4. Physical data of polymer melt such as thermal conductivity and specific heat
areindependent of temperature, and are set to be constant.

5. Polymer melt gives oil, and the resulting oil is vaporised without mass transfer

w

resistance.
Nomenclatures
r radius [cm] Cp |[specific heat [J kg-1 K-1]
t time [min] K thermal conductivity [W m-1 K-1]
T(rt) | temperature of polymer melt [°C] | AHr [heat of reaction
P polymer density [kgm?] AHv | heat of volatilization

P(r) | Molar concentration of a polymer |kd overall rate of oil formation from
at r [mol/m3] polymer melt [min-1]
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600C, 1.6kJ/g, 1000kg/m3, k=1.0W/(m-2K-1)

Temp. [O F

Time [Hr]

Figure 2: Simulated temperatures of polymer with time.

A diameter of a reactor is 1 m. T(r) is the temperature of a polymer
close to the wall (r=0.5 m), at the center (r=0 m), and the middle of
them (r=0.25 m).

3.2. Coke formation

In a tank reactor operation, the serious problem is carbonous deposits (coke), which is
possibly caused by decomposed species of polystyrene. The coke amounts upon polymer
decomposition were demonstrated by a plant manufacturer as shown in Table 2. These
results suggest that polystyrene is responsible for the coke formation.

Table 2: Coke formation in the decomposition of various polymers
with a typical commercial tank reactor [5].

Polymer Decomposm?n Oil yield, wt% Recovery of coke, wt%
temperature, °C
Polystyrene 350 -390 88.0 8.6
Polypropylene 370 -400 90.2 0.3
Polyeéhylfne 410 - 430 85.8 1.7
Mixed polymer
(PS-PE = 1-1) 370 -430 86.7 7.1

Table 3 shows the relationship between the phases of three polymers at varied temperature
ranges [6]. In oil production from post-consumer plastics after dechlorination, the liquid
products at the initial stage of liquefaction are derived from polystyrene because polysty-
rene decomposition starts at the lowest temperature among those of the three polymers.
The major pathway of coke formation would include the condensation of decomposition
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products of polystyrene [7].

Table 3: The phases of three polymers at varied temperature ranges [6].

Decomposition/

Polymer Polymer melt phase, °C  Liquid phase, °C Volatilization, °C

Polyethylene 90 - 165 165 — 455 455 - 520
Polypropylene 125-195 195 -420 420 - 500
Polystyrene - 100 - 395 395 — 455

Coke is seldom formed in polystyrene decomposition of a small amount like in ther-
mogravimetric analysis. This is because the rapid mass transfer of the decomposition
intermediates. The serious mass transfer resistance can be expected in a thick layer of
polystyrene melt in a tank reactor. Polycondensation of decomposition intermediates of
low molecular weights is occurred near the reactor wall, and results in the formation of
coke. The coke thus formed plays a role as heat insulation. And the operation requires the
more heat input to achieve the liquefaction at a practical rate. Enhanced evaporation of the
low boiling points species under a reduced pressure or using a nitrogen flow could be the
solutions to avoid coke formation in a laboratory scale experiments.

3.3. Reactor design for the less coke formation and the effective heat transfer

The practical problems typically lie in the type of a reactor, which lacks suitable per-
formance such as a decomposition rate of a polymer per energy input and the effective
evaporation of the decomposition products without undesirable secondary reactions like
coking.

Because serious coke formation is considered inevitable for the polymer decomposition in
a tank reactor, one often chooses some options like 1) a batch operation twice a day with
removal of coke after cooling down and 2) a continuous removal device with the reactor,
which raises a plant cost and lowers oil yield.

The key for polymer decomposition is to control the reaction environment such as heat
transfer and mass transfer of a polymer and the decomposed species.

A moving-bed reactor was designed to control the requirement for polymer decomposi-
tion [8]. As shown in Fig. 3, a typical model has a twin-screw conveyor and four single-
screw conveyors in a series of tubular reactors. This is a dual system of two processing
lines. Waste plastics are fed into the inlet. Sand is sometimes poured into the reactor. The
first conveyor of twin screw is for the viscous polymer melt. Sand is used as a heating
medium, and the polymer melt dispersed in sand is gradually decomposed to be liquid
products. The decomposition intermediates of high boiling point fractions undergo the
repeated cycle of vaporization-condensation in sand until it decompose enough molecular



32 ISFR - 2005

weights to be distilled out of the reactor. Because the polymer melt is dispersed on sand,
the decomposition products are readily evaporated to the vacant of the reactor without

Figure 3: A moving-bed reactor of the scale of a demonstration plant

The dimensions are expressed in millimetre.

further heating. Thus, coke formation can be avoided.

Table 4: Operation performance of a moving-bed reactor and a tank reactor.

Type of a reactor Tank reactor** I\:Iec;\gtr:) %;Ee*d
Operation scale [t/d] 0.9 2.4

Oil yield [wt%]* 85 99
Coke recovery [wt%]* 10-15 1

Fuel consumption [wt%]* 25-35 12-13
Area of heat transfer surface [m?] 1.93 2.09

* Percent weight to the weight of polystyrene feed.
** Dimensions of 1.0 m in diameter and 1.2 m in depth.
***A typical result of the operation with a demonstration plant.

The performance of a demonstration plant of the moving-bed reactor is shown in Table
4. The operation was carried out under the atmospheric pressure, and the detailed results
is presented elsewhere. For the tank reactor performance, the scattered data had been
opened in business brochures [9] or in the press and little data were published in litera-
tures. The authors expect the more experimental and theoretical examination on the reac-
tion engineering of the characteristics of various reactors especially in relation to polymer
decomposition.
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Table 5: Economic evaluation of small liquefaction plants [9].
Reactor — Tank Tank Flow?
Conditions
Maximum Treatment capacity [t/day] 1.0 15 2.4
Treatment capacity per year [t/year] 300 450 720
Oil yields [A] [t/year] 270 405" 6849
Fuel consumption [B] [wt%] 30 30 10
Oil for sale [A— A<B/100] [t/year] 189 283.5 615.6
Payment
[Initial cost]
Plant [million yen] 70 80 50
Maintenance [1] 3.0 3.0 3.0
Interest and insurance, etc. [1] 4.0 4.0 4.0
Transportation and assembly [1] - - 5.0
Mechanical pre-treatment [1] - - 4.0
Total [1] 77 87 66
Depreciation cost [million yen/y] [C]: 4 years 19.25 21.75 16.50
[Running cost]
Personnel expenses [million yen/year] 10.0 10.0 15.0
Utility [1] 3.0 3.0 4.0
Total [D] [1] 13.0 1.30 1.90
Revenue
Disposal charge [million yen/year] 18.0 27.0 43.2
Sales price of oil [million yen/year] 2.835 4.253 9.234
Total [E] [million yen/year] 20.835 31.253 52.434
Balance
(E) - [(C)+(D)] [million yen/year] (-)11.42  (-)3.50 (+)16.9
¥ota: Ea:ance 011: current day [yen/day] (-)38050 (-)11656 (+)56446
otal balance of current year
[million yeniyea] y ()11.42 (9350  (+)16.93
Treatment cost [yen/kg] (-)38.1 (-)7.8 (+)23.5

The operations are carried out for 300 days/year.

a) polystyrene was used as the feed.

b) Yield: 90wt%, heavy oil. ¢) Yield: 90wt%, light oil and kerosine. The disposal
charge is 60 yen/kg. The selling price of oil, 15 yen/kg.

Total balance of the current day = [E — (C+D)]/ 300 days.
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4. Cost analysis

Recycling costs are based on the process performance such as the processing rate per
energy input, or processed amounts in a unit time and energy, and a plant cost. Table 5
shows the cost analysis of a tank reactor and the moving-bed reactor as a continuous flow
reactor of [9]. Depending on the business models and the social environments in differ-
ent area and countries, the figures like a product price and a disposal charge will vary.
Although one should evaluate the transportation costs and the environmental influences
like the emissions of NOx and PM (particulate matter) in each recycling scale, Life cycle
assessments on the selection of the processing method and the scale will be discussed in
relation to the processing technologies elsewhere in future.

In conclusion, coke formation is governed by the two initial conditions of a reactor struc-
ture and a kind of plastics. For the increase of oil yields and the reduction of coke amounts,
one has to design a reactor under the consideration of the effective heat transfer to a poly-
mer and the effective mass transfer of decomposed intermediates. A moving-bed reactor
was proposed. The performance of the new reactor was technically and economically
compared with that of a tank reactor. The quantitative evaluation of the effectiveness of
the heat and the mass transfer of the reactor for polymer decomposition and the compari-
son of each type of the reactors for a small or a large scale recycling will be the tasks on
reaction engineering and LCA in the future.
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Abstract: An estimation method was presented for the content of each component in the
municipal solid waste and for the elemental composition. Co-pyrolysis of plastics and
biomass was examined as a means to get information about the contents. It was clarified
that polyethylene and polypropylene contents were estimated from the yields of the eth-
ylene and C, gas evolved during pyrolysis at 530 °C and biomass content was estimated
from CO, yield respectively. On the other hand, the elemental composition of the munici-
pal waste was obtained from the fixed elemental composition of plastics and the variable
elemental composition of biomass, which could be determined with the higher heating
value using a calorimeter.

1. Introduction

The disposal of municipal solid waste is now recognized to be a major environmental is-
sue in Japan. Municipal solid waste consists of plastics, paper, woody materials, and the
miscellaneous. Pyrolysis is an attractive process which can convert such a various kinds
of waste together into valuable gaseous and solid chemicals. Unlike the conventional
processes, the variation in the feed composition which originates from the reuse of wastes
as source materials would be a serious obstacle to the stable operation. According to the
feed variation, change in the operating condition and additions of other specific material
are required in order to keep the products spec. To do so, collecting of the information on
the content of each component and the elemental composition of feed is very important.
However, it is difficult to get information about the representative value from the small
amount analysis because of the actual large size of municipal wastes. In this work, we
present a method for estimating the content of each component and elemental composi-
tion in the feed municipal waste simply from the measurement of the gases formed during
pyrolysis and heating value analysis of the feed mixture with diameter around a few mil-
limeter. Municipal solid waste in Japan contains only a few percent poly(vinyl chloride)
and poly(ethylene terephthalate) [1], so we assume that the municipal solid waste consists
of low-density polyethylene, polypropylene, polystyrene, and biomass including paper or
cellulose.
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2. Experimental section

2.1. Sample

Commercially available three kinds of plastics, low-density polyethylene (PE, Scientific
polymer products, Inc.), polypropylene (PP, Aldrich) and polystyrene (PS, Aldrich), were
used. Japanese cedar, the heartwood part of the trunk, was also used as a representative
woody biomass. Plastics were particles or cylinders with a maximum size of 4 mm. Cedar
samples were chips with a diameter of 5 mm and a length of 40 mm and were dried in
vacuo for 24 h at 70 °C prior to use. The analyses of these samples are listed in Table 1.

Table 1: Ultimate analyses of samples used.

Ultimate analysis

Sample [w%daf] atomic ratio  atomic ratio  ash[wt%db]
C H  O+S(diff)
Japanese cedar 50.6 5.9 43.5 140 0.64 0.07
Polyethylene 857 14.3 0 2.00 0 0
Polypropylene 857 143 0 2.00 0 0
Polystyrene 923 77 0 1.00 0 0

2.2. Procedure

Individual sample or their mixture was pyrolyzed in a stream of atmospheric nitrogen gas
as shown in Fig. 1. The samples were subjected to a heating rate of 10 K/min up to 530 °C
where the plastics decompose completely and only biomass 