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EXECUTIVE SUMMARY

Evidence has emerged that plastic debris in the marine environment is
a serious problem for a number of species and for community and user
groups that depend upon the marine environment. Since plastic articles
are relatively strong and decay resistant, they accumulate in the marine
environment. Several common varieties of plastic float at the ocean sur-
face, the most biologically productive zone of the water column, and pose
a potential hazard to marine life through entanglement and ingestion. Evi-
dence collected over the last 15 years indicates that the plastic hazard
to marine Tife is not limited to a few molded shapes or polymer types. A
variety of shapes including plastic bags, sheeting, 6-pack retainer rings,
nets, fishing line, synthetic ropes, flotation blocks, cups, strapping
bands, and plastic pellets have been associated with marine Tife mortali-
ty. The constituent polymers of the articles include polyethylene, poly-
propylene, polyester, polystyrene, and nylon.

These plastics enter marine waters from a variety of sources inclu-
ding beach litter, sewage outfalls, and ocean-going vessels. The amounts
of plastic entering the marine environment from each of the various sour-
ces is unknown, however, the largest source is generally thought to be
overboard discharge of solid waste from various types of vessels.

RECYCLING TECHNIQUES

Recycling is often thought to be an attractive means of curbing the
flow of plastic residues into the marine environment. In principle, all
of the polymer types listed above are recyclable and, if collected, could
be reprocessed into useful products. Several reclamation techniques exist
for plastics. The processes differ fundamentally in the types of feed-
stocks that are permissible and the types of resulting products. The
available processes are as follows:

Process Permissible Feedstock Products -

1) extrusion mono or mixed polymers plastic articles

2) depolymerization monopolymers monomers, oligomers

3) pyrolysis mono or mixed polymers 1iquid and gaseous
fuels

4) incineration mono or mixed polymers thermal or electrical
power

- Extrusion

Extrusion is the process of mixing and heating thermoplastic material
and extruding it directly into new objects or into plastic pellets which

Vi






are then used as a feedstock to manufacture new plastic articles. Extru-
sion is the process most often used to reclaim waste plastics. Equipment
has been developed for the reprocessing of monopolymer plastic waste and
mixed polymer waste via extrusion.

The most important disadvantage of reprocessing by extrusion is that
reactions take place which degrade the properties of the reclaimed poly-
mers. The amount of degradation varies for the different polymers and
depends somewhat on process details. Techniques exist for reducing prop-
erty degradation, mostly through inclusion of additives or blending with
virgin polymers. However, extrusion-induced property degradation is in-
evitable. Without expensive upgrading, extruded waste plastics can only
be used for less demanding applications than the virgin polymers.

Since plastic is produced in a wide variety of polymer types, waste
plastic discarded by consumers (referred to as "post-consumer plastic"),
the Targest source of waste plastic, is generally a mixture of polymers.
Typically, waste plastic is also mixed with other components of the waste
stream. In a few areas, however, waste plastic is being collected separ-
ately from other wastes. Specialized extrusion devices have been devel-
oped to enable source-separated mixed polymer waste plastic to be extruded
into useful articles. Property degradation of mixed polymer feedstocks is
even more severe than that for most monopolymers because the various poly-
mers are generally incompatible with each other and the resulting bond be-
tween polymers is poor. In order to produce useful products from the ex-
trusion of mixed polymer feedstocks, composition is controlled so that one
dominant polymer can flow and engulf the other incompatible polymers. Un-
fortunately, the products of mixed polymer extrusion are limited to arti-
cles having a relatively large cross-section and can compete with only
very low quality plastic. To date, the products of mixed polymer extru-
sion have been used primarily as a rot-resistant substitute for treated
Tumber. Therefore, the reprocessing of mixed polymer waste by extrusion
has done Tlittle to displace the use of virgin polymers.

Depolymerization

Depolymerization is a chemical process in which plastic is decomposed
into its constituent monomers or oligomers. These compounds can be used
to regenerate the polymers. An important advantage of the monomer recov-
ery process is that waste plastics can be used to produce high-grade vir-
gin polymers. Unfortunately, current monomer recovery processes require a
clean monopolymer feedstock. Unique reactors are required for each poly-
mer. For this reason, monomer recovery has only been applied to the re-
cycling of certain easily collectable monopolymer wastes from manufactur-
ing processes. Considering the cost of separating mixed polymer waste
streams, such as those from municipal sources, monomer recovery currently
is not economically attractive.

Pyrolysis and Incineration

Pyrolysis is a thermo-chemical process in which plastic can be decom-
posed into simpler compounds. The process is in some cases similar to
that of monomer recovery; however, the process is tolerant of mixed






polymer feedstocks. The chemical products of pyrolyzing mixed waste plas-
tic are themselves a chemical mixture. Typically, the pyrolysis processes
are adjusted to produce a useful mixture of liquid or gaseous hydrocarbons
which are useful as fuels or as chemical feedstocks.

Incineration is a process similar to pyrolysis in that the products
of the process are ultimately energy, not plastic. As a result, resource
recovery via both pyrolysis and incineration are not generally considered
to be recycling.

Economics of Plastic Recycling

Most of the worldwide plastic recycling activity is centered around
the reprocessing of a single polymer variety, polyethylene teraphthalate
(PET). PET is commonly used in the production of plastic beverage bottles
and is collected as a result of beverage bottle deposit legislation enac-
ted in parts of the U.S., Canada and Europe. With the exception of PET,
very little post-consumer plastic is being recycled, in either monopolymer
or mixed polymer form.

The reason for plastic’s Tow recycling rate is that under the current
economic structure in the industrialized world, the costs of collecting
and reprocessing plastic generally exceed the revenue potential of the
reclaimed material. Since plastic recycled via extrusion is a downgraded
substitute for virgin plastic or a substitute for other materials, such as
lumber, potential revenues from the sale of reclaimed plastic are limited
by the current prices of virgin materials. With the current revenue poten-
tial of reclaimed plastic and the costs involved with grinding, cleaning
and extruding waste plastic, plastic reprocessors can only offer collec-
tors of waste plastic a small price, if any, for their waste plastic feed-
stock. The current prices paid for bales of the most commonly reprocessed
monopolymer plastics (PET and high-density polyethylene) are generally in
the range of $0.05 to $0.10 per 1b, depending primarily on the level of
contamination. The prices paid for mixed plastics are generally even low-
er, ranging from zero to $0.05 per 1b.

With these prices, there is Tittle incentive to establish collection
channels for post-consumer plastic. In contrast, the majority of waste
plastic resulting from the manufacturing process is being reprocessed be-
cause of the relative ease of capture (low cost) and the fact that most
waste plastic from manufacturing can be collected in a monopolymer form
with very little contamination. For the case of waste from manufacturing,
in general, reprocessing is economical because the cost of collection is
relatively low.

Where consumer plastic is being collected in the industrialized
world, institutional incentives are generally involved. Common methods of
stimulating plastic recycling are container deposit laws and curbside
collection programs.

Another contrasting economic situation exists in the developing world
where, in many places, post-consumer waste plastic is commonly collected
and reprocessed. Again, relatively low collection costs made possible by
low labor costs enable economical plastic reprocessing.
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Despite the relatively high cost of collecting and reprocessing plas-
tics, there is a considerable amount of interest in the recycling of plas-
tics, motivated primarily by a desire to reduce the amount of material
that must be landfilled or incinerated. In the U.S., a substantial amount
of legislation has been enacted or is being considered, mostly at the
state level, which would affect the recycling of p]ast1cs The legisla-
tion falls 1nto the following three catagories:

1) regulations to reduce the amount of waste generated;

2) techniques to increase the diversion of wastes into recycling
channels; and

3) techniques to increase the demand for recycled materials.

Legislation or local regulations have been responsible, in part, for
most of the plastic recycling activity in the U.S., either through con-
tainer deposit laws, curbside collection programs, or grants to
reprocessors.

Recycling Plastics from Ocean Vessels

For vessels plying international waters, the most commonly used
method of solid waste disposal has been overboard discharge. However,
beginning in 1989, overboard disposal of plastics will be prohibited for
most of the world’s fleet by the recently ratified Annex V of the 1973
International Convention for the Prevention of Pollution from Ships
(MARPOL). As a result, the practical options for disposing of plastic
waste that is generated aboard ships include incineration and on-shore
recycling or disposal.

Waste plastic from ships could potentially be recycled if it is
source separated from other wastes and delivered into on-shore recycling
channels. One significant obstacle to the recycling of waste plastics
from ships is the U.S. Department of Agriculture’s requirement for treat-
ment of solid waste from foreign sources. Plastics and any other solid
waste that has contacted certain foodstuffs or has been mixed with waste
that includes food waste from foreign sources, must be disposed of through
incineration, landfilling, or pulping into sewers. Even if waste plastics
are cleaned and separated at the source from other wastes, plastics from
vessels plying international routes used to package or contain certain
foodstuffs are effectively excluded from recycling. Most other countries
have similar regulations. As a result, under the present regulatory en-
vironment, on]y a portion of the plastics generated on-board much of the
world’s fleet is legally eligible for recycling.
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Section 1

INTRODUCTION

Plastics, due to their physicochemical properties, have displaced
substantial quantities of metals, wood, and natural fibers in both prod-
ucts and packaging. This situation has led to a projected increase in the
use of plastics from about 6 billion pounds in 1960 to more than 50 bil-
1ion pounds per year in the 1980s [1,2].

The same characteristics that make plastics versatile and durable
also constitute serious problems in the identification, design, and im-
plementation of suitable methods for their treatment and disposal. It has
been estimated that the amount of post-consumer wastes generated in the
U.S. in the 1980s will vary between 120 and 160 million tons/year [2,3].
Waste characterization studies of post-consumer wastes have shown that the
concentration of total plastics in the waste stream has increased from
about 2% to 3% by weight in the early 1970s to approximately 5% to 8% in
the early 1980s [4,5]. Most recent analyses have demonstrated that the
concentration of plastics in the waste stream varies from 9% to 11% in
some areas of the country [6]. Approximately 80% of the discarded plastic
is in the form of packaging, and the remaining 20% is durable plastic
goods. The expansion in the concentration of plastics in the waste may be
attributed to the increase in the use of disposable plastic materials.
Thus, based on the concentrations determined recently, it can be estimated
that from 6 to 12.8 million tons of plastics are.discarded each year.

A certain amount of the plastic wastes find their way into the marine
environment through a variety of means. These wastes have been identified
as becoming causative agents of mortality of marine wildlife, primarily as
a consequence of ingestion and entanglement. A wide range of sources con-
tributes to the plastics pollution problem and definitive information re-
garding the total generation rates of plastic debris is lacking. Ocean-
going vessels routinely discharge domestic waste overboard, and other
major sources of plastic debris include fishing- and cargo-associated
plastics. Attempts to quantify waste generation rates have extrapolated
from point sources or have neglected large contributors and may therefore
under-represent the magnitude of the plastic pollution problem. These
pollutants may cause the accidental deaths of more than 1,000,000 seabirds
and 100,000 marine mammals each year. This situation has been particu-
larly noticeable in the Gulf of Mexico, where local governments in the
State of Texas spend on the order of $14 million each year to clean up
debris from the beaches [7]. On the other hand, the recovery and reuse of
these materials could result in substantial contributions to litter reduc-
tion and to current energy conservation efforts.

An attractive means of curbing the occurrence of plastic residues in
the environment is reuse through collection and reprocessing into useful
products. Recyclable waste plastics can be classified into two categories



according to source: pre-consumer and post-consumer plastics. Pre-consumer
plastics include home scrap and. off-specification virgin resins generated
by producers of primary polymers and manufacturers of plastic products;
and secondary waste plastic, which includes surplus or obsolete product
inventories and contaminated manufacturing scrap. The greater part of the
pre-consumer waste is collected and reused as feedstock in the manufac-
turing process and, consequently, only a small fraction reaches the waste
stream. The packaging industry, on the other hand, generates large
amounts of waste plastics. Unfortunately, the efficient reuse of post-
consumer plastics is impeded by the fact that they include items that
usually contain a certain amount of impurities.

Judging from various surveys, overall, from 75% to 95% of pre-consumer
waste plastics are recycled. On the other hand, the rate of recycling for
post-consumer waste plastics in the U.S. is about 1%. The latter rate is
Tow when compared to the average rate of 7% for post-consumer glass and 30%
for aluminum [3]. Of the recycled post-consumer plastic, polyethylene ter-
aphthalate (PET) is the predominant type of polymer. In the U.S., approx-
imately 20% of post-consumer PET is recycled, or nearly 150 million pounds
annually [3]. High-density polyethylene (HDPE) follows as the second most
recycled post-consumer plastic. Figure 1 illustrates the estimated and
projected quantities of pre- and post-consumer plastic waste, and Figure 2
presents a projection of the polymer distribution in the post-consumer
waste stream for 1990 [8].

Plastics can be separated from the waste stream by way of two major
approaches. The first involves source separation, and the second deals
with recovery from mixed urban waste. Source separation of plastic waste
is currently practiced to a 1imited degree by a small number of community-
level recycling programs in the U.S., Canada, and Europe. Several tech-
niques exist for converting source-separated mixed or mono-polymer waste
plastic into useful products. PET carbonated beverage containers have
been widely source-separated due to the impetus provided by bottle bill
legislation.

Research work on the mechanical processing of the waste stream has
demonstrated that plastics can be concentrated and, in some cases, sep-
arated from other fractions. However, the plastic fraction typically is
composed of a variety of types of plastics, and it continues to have a
certain amount of contaminants. The processing expense and lack of value
for contaminated mixed plastics has prevented the practical development of
mechanical plastics-separation facilities that use municipal solid waste
as a feedstock.

The primary objective of the work described in the sections that fol-
Tow is to assess the feasibility of recycling systems in reducing the flow
of plastic refuse into the marine environment. In addition, the study pre-
sents and evaluates technical, economic and regulatory factors of major im-
portance in the recycling system’s success or failure.
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Figure 2.

PROJECTED POST CONSUMER PLASTIC WASTES
1990

LDPE (25.8%)

4

HDPE - High Density Polyethylene
LDPE - Low Density Polyethylene

PP - Polypropylene

PS - Polystyrene

PVC - Polyvinyl Chloride

PET - Polyethylene Terephthalate
TSETS - Thermosetting Resins
OTHERS - Other Thermoplastic Resins

Key:

Source: Curlee (1986)









Section 2

CHARACTERISTICS OF PLASTICS

PLASTICS HAZARDOUS TO MARINE LIFE

Plastic debris in the ocean presents a hazard to marine life on a
broad range of fronts. The known forms of the hazard have been summarized
recently by the Center for Environmental Education [9], Weisskopf [10], and
others. Visibly, the entanglement of large, surface-dwelling animals in
lost or discarded plastic debris has received attention, but less visible
effects such as ingestion, "ghost fishing", and ecological impacts also
threaten the balance of the marine ecosystem. The plastic items that most
commonly entangle marine animals are fishing nets, cargo strapping bands,
and 6-pack container rings. Commonly ingested plastics include bags and
sheeting, fragments, and raw plastic pellets. "Ghost fishing" is a term
applied to submerged gill nets, lost crustacean traps, and other lost or
discarded fishing gear that continue to trap and kill animals in the ab-
sence of active harvesting. Ecological impacts remain greatly undocumen-
ted, but predator/prey relations and food web flows could be affected by
the plastic. pollution problem, as well as creating the possibility of ex-
tinction. A list of plastic items associated with marine 1ife mortality is
presented in Table 1, and other plastic items commonly discarded in marine
waters but not documented as having caused wildlife mortality are listed in
Table 2.

Several intrinsic properties of plastic fishing nets, which make them
desirable as fish catching devices are, not surprisingly, the same quali-
ties that lead to marine animal entanglement. Firstly, nets made of poly-
ethylene or polypropylene yarn (most trawl nets) float and therefore remain
in the uppermost, highly biologically productive zone of the water column.
This zone serves as the habitat for air breathing animals such as pinnipeds
and sea turtles. The mesh size of a given fishing net generally determines
which animals will become entangled, e.g., small-headed seals become stuck
in nets with a mesh size similar to their head and appendage size. Since a
range of mesh sizes exists among the lost fishing nets, few pinnipeds and
sea turtles will be immune to potential entanglement. Even whales have
been victims of net entanglement. The fibers of fishing nets are relative-
ly strong and resist struggling, especially when the animal exerts force
against several strands at once. Moreover, plastic fibers are highly decay
resistant and remain sufficiently strong to pose an entanglement hazard
long beyond the useful life of a fishing net. Another factor contributing
to the high rate of animal entanglement is the fact that many nets are
designed to be "invisible" in water. Fish become trapped in the derelict
nets and serve as bait, which then attracts predators such as pinnipeds,
sea turtles and sea birds, all of which can also become entangled.

The plastic strapping bands that bind small boxes, 6-pack container
rings, and other plastic rings have entanglement potential similar to that



TABLE 1. PLASTIC ARTICLES DOCUMENTED AS HAVING BEEN
ASSOCIATED WITH MARINE LIFE MORTALITY

Articles

Polymers

6-pack retainer rings

Plastic bags
Plastic sheeting

Trawl nets

Gill nets
Crustacean traps

Fishing line

Rope - all synthetics

Polystyrene cups, flotation blocks
Strapping bands used to secure crates

Raw plastic pellets, fragments

Low Density Poly-
ethylene (LDPE)

LDPE
LDPE

Polyethylene, Poly-
propylene, Nylon

NyTon, Nylon blends
Nylon

Nylon 6, Nylon blends,
Nylon/Polyester
composite

Nylon, Polypropylene,
Polyester

Polystyrene
Polyester
A1l types




TABLE 2. OTHER ARTICLES OF PLASTIC LITTER COMMONLY FOUND
IN THE MARINE ENVIRONMENT WHICH ARE NOT DIRECTLY

ASSOCIATED WITH MARINE LIFE MORTALITY

Articles

Polymers

Plastic barrels and buckets
Plastic beverage containers
Other plastic bottles

Caps, lids, cups, utensils

HDPE

HDPE and PET
HDPE and PET
A1l types




of fishing nets in that many of the common polymer formulations float in
the habitat of pinnipeds and sea birds. These items also have band or ring
diameters that could encircle the necks of these animals, and are strong
and decay resistant. These objects are of sufficient numbers to present a
threat to marine 1ife even if the incidence of entanglement for any given
object is low. The strapping bands and 6-pack rings can be particularly
dangerous to seals because the animal can grow into its plastic "collar",
restricting normal feeding and Teading to neck wounds. Long, flexible
objects such as rope, fishing line, and long strapping bands also pose an
entanglement hazard because, due to the turbulent nature of ocean waters,
these objects can become knotted and tangled themselves. Birds, especially
pelicans, have become entangled in discarded fishing Tine.

Ingested plastic is known to cause mortality among several species of
marine organisms and birds. Although evidence remains spotty and anecdo-
tal, enough information exists to indicate significant numbers of marine
animals are threatened by ingestion of plastic debris. Several physical
properties of plastic contribute to its frequency of ingestion. As men-
tioned, many plastic items (polyolefins) float in the water column zone of
richest biological productivity and therefore occur intermingled with the
ocean’s legitimate food sources. Secondly, plastic has an inert smooth
surface and tends to become encrusted with epipelagic (lives on a floating
surface) organisms, giving the plastic debris an exterior facade of auth-
entic food items. Additionally, plastic’s inert quality possibly leads the
animal not to reject the food item based on a highly objectionable "flavor"
such as usually occurs with toxic organic material. Finally, some plastic
items could resemble the animal’s natural food sources, such as plastic
bags resembling jellyfish to sea turtles and raw plastic pellets and wea-
thered fragments resembling fish eggs to sea birds. Potentially lethal
problems due to plastic ingestion among all animals include choking, false
satiation leading to malnutrition, intestinal blockage, ulceration, and
possible absorption of PCBs.

"Ghost fishing" and unobserved animal/plastic interactions are pri-
marily due to submerged gill nets and crustacean traps. Most gill nets are
made of polyamide (nylon), which has a higher density than water and there-
fore sinks. These nylon nets can remain intact on or near the ocean floor
and trap bottom dwelling organisms continually. Nylon gill nets generally
have a short useful lifetime (1-3 yrs) after which they are discarded and
replaced. Since the nets sink, they rarely are reported as beach or float-
ing debris. Only those nets with corks or buoys still attached have been
reported as floating net debris. These sea floor gill nets have an es-
pecially Tong lifetime since the first few meters of seawater absorbs the
photodegrading UVb solar radiation. The magnitude of the ghost fishing
problem may have been underestimated due to sinking, the high rate of gill
net turnover, and protection from photodegradation. An experimental study
of Tost floating gill nets was conducted by the National Marine Fisheries
Service in Hawaii. Preliminary findings indicate that the fishing ability
of a derelict gill net depends on its age and configuration in the water.
Drift patterns were found to depend on the ocean’s surface circulation
rather than the wind or deeper water currents [11]. Plastic crab pots and
lobster traps can also continue to trap these crustaceans and fish after
becoming Tost. These traps are built to resist decomposition and, when



lost, Tie out of range of photodegradation, therefore having a long "ghost
fishing" 1ifetime.

Research into the development of degradable plastics has indicated that
currently available technologies for rendering plastics photodegradable
could be utilized to reduce the hazard posed by some of the disposable items
made of polyethylene and polypropylene. Rendering netting materials suscep-
tible to photo- or biodegradation would also reduce the hazards posed by
these materials. Preliminary evidence indicates that controlled degradation
of netting materials may be feasible; however, more research is needed to
develop the techniques for controlling degradation [12].

CONSTITUTIVE FACTORS AFFECTING THE RECYCLING OF PLASTICS

Once collected, waste plastics can be converted to numerous useful
products via several alternative processes. In very general terms, the
products and processes include: 1) for many plastics, reprocessing by
extrusion and remolding into new plastic products; 2) conversion to mono-
mers by thermal or chemical processes; 3) conversion to a range of simpler
hydrocarbon compounds through pyrolysis; and 4) extraction of energy
through incineration.

In order to reduce waste and raw material costs, virgin polymer pro-
ducers and plastic product manufacturers commonly recycle sprues, trimmings
and other pre-consumer scrap plastics resulting from the manufacturing
process. Nearly all of this clean, segregated material is efficiently
recovered. However, economical reprocessing of post-consumer waste plastic
has proven to be difficult for several reasons. One technical factor -is
that, because of constituent chemistry, some varieties of plastics can be
reprocessed and others cannot. This distinction defines the two main
groups into which plastics may be divided: thermoplastics and thermoset-
ting resins. Thermoplastics soften when heated, and so may be molded and
cooled to obtain a desired shape. In principle, this process may be re-
peated either by direct reheating of scrap products or, preferably, after
being size-reduced by grinding. Thermosetting plastics are cross-1linked
during their original processing and, unlike thermoplastics, cannot be
softened by heating and processed again. Fortunately, thermoplastics make
up the vast majority of post-consumer plastic waste. All of the plastics
listed in Tables 1 and 2 are thermoplastics and are, in principle, repro-
cessible.

A second technical factor limiting the reprocessing of mixed plastics
(thermoplastics) is polymer-polymer incompatibility. Most polymers are
incompatible with other polymers for thermodynamic reasons. In general,
blends of polymers do not mix and often phase separate into regimes domi-
nated by one or another component. Moreover, the bonding (i.e., ability to
transmit tensile and shear stresses) between regimes dominated by different
polymers is typically poor.

Polymer-polymer incompatibility is further complicated by the fact
that the various polymers can have different melting or softening tem-
peratures. Blends of thermoplastic polymers can be heated to a point at
which one polymer is soft and able to flow while another is still rigid.



Elevating the temperature of a blend so that all polymers are softened may
be sufficient to cause chemical degradation of polymers having Tower soften-
ing temperatures.

PROCESSING TECHNIQUES

The range of processing technologies available to convert waste plas-
tic into useful products depends on the quality of the waste, the degree of
chemical damage (aging, weathering), the types and amounts of impurities,
and the quality and value of the recovered product. Polymer-polymer incom-
patability figures heavily in the available options. Therefore, we discuss
separately the processing of single and mixed polymers.

Processes Using Monopolymeric Waste

When clean, segregated monopolymeric waste or scrap is available (ther-
moplastic only), plastic can be reprocessed directly into new plastic arti-
cles either by reextrusion or, indirectly, by depolymerization and subse-
quent processing to virgin polymer.

Extrusion--

Extrusion is the process of mixing and heating thermoplastic material,
frequently by use of a frictional heating technique, and extruding it into
objects or pellets. The monopolymeric pellets then can be used as a feed-
s%ock for molding processes that convert the raw plastic into useful arti-
cles.

During extrusion, a number of reactions may take place that degrade
the physical properties of a polymer. These include decomposition, oxi-
dation, cross-linking, and molecular weight reduction. To reduce property
degradation, chemical additives may be incorporated, either identical to
those used in the original material, or others if different applications
are planned. Another technique used to improve the properties of reproc-
essed monopolymeric plastic is to blend the material with virgin polymers.
The amount of material property degradation upon extrusion depends upon the
thermoplastic polymer being reprocessed, the range in grades of the polymer
type being mixed, the amount of contamination present in the waste material
and the conditions under which extrusion occurs. In general, the process
of extrusion enables plastic to be remelted and reformed, but only at the
expense of property degradation. Each time plastic is heated and made to
flow into a new shape, property degradation occurs. Since most plastics
were extruded upon their initial forming, extruding waste plastic can be
thought of as a "reextrusion" process. Without significant amounts of addi-
tives or blending, reextruded plastic can only be used for less demanding
applications than was the previous polymer. Nevertheless, large markets
exist for lower grade polymers.

The extrusion process typically begins with a grinding operation to
reduce the plastic to a small, uniform size. After granulation, the waste
plastic is washed and mineral contaminants are allowed to settle, separating
from the plastics. Next, if the waste contains other polymers, these need to
be separated. Finally, the purified polymer is mixed with additives and, in
some cases virgin polymer, and extruded into pellets or objects.
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Depolymerization--

The second approach that can be used to recycle many thermoplastic
polymers is to recover the monomer or oligomers of the polymers and use
these compounds to regenerate the polymers. An important advantage of the
monomer recovery process is that waste plastics can be used to produce
high-grade virgin polymers.

The monomer recovery process is very similar to the reextrusion proc-
ess up to the extrusion stage. For monomer recovery, a chemical reactor
replaces the extruder. In the reactor, purified waste plastic is depoly-
merized, producing reactants that can be used to manufacture virgin poly-
mers. Two types of reactions are typically associated with depolymeriza-
tion: thermally and catalytically activated reactions. Different polymer
types each require unique chemical environments and/or catalysts before
Tong molecular chains can depolymerize into their constituent subunits.
Unique reactors are therefore required for each polymer, and are generally
only developed when reextrusion would be infeasible, and when the total
volume of recaptured monomer can be used at the same plant.

Processes Available for Specific Polymers --

Polyolefins and PVC--Of the polymers identified in Tables 1 and 2,
the polyolefins (high-density polyethylene, low-density polyethylene, and
polypropylene), and polyvinylchloride (PVC) can be reextruded with moderate
degradation of physical properties. Monomer recovery processes have also
been found for these polymers.

Polystyrene--Polystyrene has also been found to be processible by
the reextrusion process. There are three types of polystyrene: general
purpose; high-impact; and polystyrene foam. A study of the effect of re-
extrusion on polystyrene showed that the high grade had little degradation
of physical properties [13]. The general purpose grade showed moderate
degradation, and foam polystyrene showed significant degradation of physi-
cal properties.

Degradation of polystyrene for monomer recovery has been accomplished
using two techniques. The first technique is simply a thermal cracking
process. This thermal process has been successful in yielding dimers and
trimers of polystyrene [14]. These oligomers can be used as industrial ad-
ditives or as prepolymers. The second method of degradation is a cataly-
tic process [15]. This process involves the use of a silica-alumina cata-
lyst at approximately 200°C.

Polyester--The predominant form of polyester, polyethylene tereph-
thalate (PET), is commonly reprocessed via reextrusion [16]. Recovery
could proceed according to the flow chart outlined in Figure 3. Grinding
is typically carried out by a hammermill. Separation is carried out by
two processes. The first is air separation (cyclone) in order to remove
paper and other light contaminants. The second consists of a sink-float
separation in order to remove the other contaminants. The waste is then
dried and proceeds to a shredder. At this stage the recovered waste can
be put through an extruder for use in several applications. Property loss
due to reextrusion is moderate, prohibiting the direct reuse of reclaimed
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Figure 3. PET Recycling Process
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PET in demanding applications such as beverage containers. However, less
demanding applications exist for reextruded PET such as toys and stuffing
materials. By mixing reclaimed PET with virgin polymer, compounding with
additives, and other techniques, more demanding applications can be pur-

sued. In fact, recycled PET can be blended and alloyed with other compat-
ible polymers to produce relatively high performance engineering plastics.

Monomers can also be recovered from PET. High purity terephthalic acid
can be produced by decomposition of PET in concentrated sulfuric acid, fol-
lowed by precipitation and recrystallization from aqueous solutions.

Polyamide--Nylons (polyamides) are produced in a wide variety of
chemical formulations, making it difficult to define a general processing
strategy. Nylon 6 and Nylon 6-6 are the predominant grades in use [17],
therefore reprocessing guidelines will center on these.

Fresh nylon fibers are typically spun from a reacting mixture. They
are not generally found to be reextrudable, as property loss on reextrusion
or respinning of fibers is unacceptable due to thermal-mechanical damage.
Even at the manufacturing site, nylon waste is often reclaimed by monomer
recovery.

If pure Nylon 6 is available, then recovery of its constituent capro-
Tactam monomer is possible; the depolymerization is performed at 700°C by
injecting superheated steam into the molten polymer and then fractionating
the products [18]. Another way to depolymerize the nylon is via continuous
hydrolysis at 200°C to 300°C and 15 atmospheres with injection of steam,
withdrawal of aqueous product stream, and final separation of products [19];
this method might possibly be extended to handle a mixture of different ny-
lons and even polyethylene terephthelate. The difficulties entailed would
be cross reaction of the depolymerization products, and separation of the
products. If pure Nylon 6-6 is available, then recovery of its constituent
?onomers, hexamethylene diamine and adipic acid, is possible via hydrolysis

20].

One specific waste product that may be a component of marine litter is
nylon/polyester fishing line. This Tine consists of a nylon sheath surround-
ing a polyester core. A recommended recovery process is shown in Figure 4.
After washing and drying, the line can be cut and ground to break the nylon
sheath. Polyester can be selectively dissolved using naphthalene at 200°C
[21]. The solution can be filtered and the nylon rinsed to ensure complete
removal of the polyester. The nylon can be recovered as described above.
The polyester is recovered out of the solvent via crystallization by
lowering the temperature or adding a non-solvent such as water. After dry-
ing, the polyester is ready for reextrusion.

Processes Using Mixed Polymer Waste

Several techniques exist for converting mixed plastic waste into useful
products. In very general terms, the processing techniques and resulting
products can be described as follows:
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Processes Products Uses

Reextrusion mixed plastic thick section articles,
wood substitutes
Pyrolysis mixtures of organic fuel gases, fuel oil,
compounds chemical feedstocks,
Incineration energy steam, electricity

Mixed Plastics Reextrusion --

Several manufacturers in Europe, Japan, and the USA have developed
extrusion equipment that is capable of processing a mixed polymer feed-
stock. The extrusion equipment produced to date takes advantage of the
dominance of polyethylene in the plastic wastestream by heating the mixed
plastic to the point at which polyethylene flows, engulfing the other
incompatible polymers in a polyethylene matrix. The process can tolerate
some non-plastic contamination. Additives referred to as "compatibili-
zers" can be added to improve the bond between incompatible polymers.

Product properties vary with the composition of the plastic feed-
stock. Physical properties degrade markedly from those of the dominant
reextruded monopolymer as the concentration of incompatible polymers
rises. As a rule of thumb, at least 50% polyethylene needs to be present
in the plastic mixture in order for the reextruded product to be useful.
The mixtures exhibit poor physical properties when compared to virgin plas-
tics. To compensate for these weaknesses, reinforcing fibers can be added
to improve structural properties. Typically, thick section products are
manufactured and, consequently, market opportunities are limited to non-
critical applications such as rot-resistant substitutes for wood. Markets
for thick-section plastic products are just beginning to be developed.

Pyrolysis --

Pyrolysis is a method of thermal decomposition adaptable to either
mixed plastics or monopolymers in which plastic is partially oxidized by
heating in either an oxygen-free or very low oxygen atmosphere. The pro-
cess is analogous to distillation and is endothermic.

Products produced by pyrolyzing waste plastic vary depending on the
composition of the feedstock and the reactor conditions. In general, the
reactors produce a complex mixture of combustible gases and liquids, fixed
carbon, and water. The combustible gas and liquid products have heating
values comparable to those of natural gas and fuel oil, respectively.
With subsequent processing, products of pyrolysis could be used as a raw
material for other chemical processes. A considerable amount of develop-
ment work would be required to enable easily marketable fuels or other
specific chemical feedstocks to be produced on a large-scale by the py-
rolysis of waste plastics. Unfortunately, pyrolysis has some generally
recognized disadvantages. They are:

1) compared to incineration the process is energy inefficient,
consuming almost as much fuel as the process recovers;
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2) product composition varies with changes in feedstock compo-
sition; and

3) Tlarge markets do not exist for the pyrolysis products.

Incineration --

Incinerating plastics along with the other components of municipal
solid waste is now common practice in many parts of the world. Volume
reduction and easily marketable energy recovery are the commonly cited
advantages. Disadvantages of incineration are that burning may give rise
to noxious gases, such as hydrochloric acid (HC1).

Despite the high energy value of plastics, it is possible to demon-
strate significant energy savings through recycling rather than heat gen-
eration programs. The Plastics Institute of America has shown that, for
example, 1000 Tb of high density polyethylene (HDPE) .has a heating value
of 20 million Btu, but recycling that quantity of waste into fabricated
products could save as much as 39 million Btu since 1000 1b of HDPE would
not have to be made from ethylene.

Polymer Separation Processes

Several electrical and mechanical processes have been devised to sep-
arate polymer mixtures. The most common commercial process is able to sep-
arate the plastic components of PET beverage bottles, PET and HDPE, using
a sink-float procedure that exploits the difference between the polymer
densities. Other separation techniques exploiting either density differ-
ences or surface characteristics have been investigated, including electro-
statics, air classification, magneto-hydrodynamics and object identifica-
tion. Results of research into polymer separation techniques indicate
that separation methods based on density or surface properties may be sat-
isfactory for the separation of mixed, relatively pure polymers, but are
unlikely to be able to separate laminated or composite plastics, or plas-
tics that have been modified by fillers or coatings. Therefore, these
methods may be useful for single source waste where the compounds of the
mixture are known, but not for a complex mixture of multi-source materi-
als. Existing polymer separation processes capable of segregating domi-
nant polymers from complex mixtures of post-consumer plastics rely on a
combination of manual and mechanical separation methods.
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Section 3

REVIEW OF PLASTICS RECYCLING SYSTEMS

INTRODUCTION

With only a few minor exceptions, recyclers currently reprocess post-
consumer plastic waste using reextrusion technology. Monomer recovery and
pyrolysis, which are used to reprocess some waste produced at the manufac-
turing level, are not currently being exploited to recover post-consumer
plastic waste for economic reasons.

The usual process of recycling post-consumer plastic waste consists
of several stages. They are: collection, separation, cleaning, grinding,
extruding and molding. In general, the fledgling plastic recycling in-
dustry is not vertically integrated from collection of waste plastics to
manufacture of useful products. Instead, organizations specializing in
one or several sequential stages typically sell their end product to the
highest bidder. As a result, existing recycling systems may be geograph-
jcally dispersed, with collection and reprocessing frequently occurring at
widely separated locations.

Clean, monopolymeric plastic waste can be reprocessed with conven-
tional extrusion equipment. Consequently, the market for reclaimed mono-
polymeric plastic is currently dominated by established plastic product
manufacturers that substitute reclaimed plastic for all or a portion of
the virgin resin used to make selected items. In contrast, the reextru-
sion of mixed polymer plastics or heavily contaminated monopolymer plas-
tics requires the use of specialized extrusion equipment that has been
developed in recent years. Specialty manufacturers have been formed: to
extrude mixed or contaminated plastics.

An important distinction can be made between plastics recycling sys-
tems in the degree to which they reduce the use of virgin materials.
Ideally, recycling systems, such as those in place for aluminum and glass,
are "closed loop" systems involving the remanufacture of post-consumer
products into new versions of the same products, thereby displacing the
need to add virgin resources. "Open loop" systems, on the other hand,
involve remanufacture of a post-consumer resource into a different prod-
uct. The recycling system acts as a material supply for the alternate
product rather than reducing the virgin material use. Some plastic re-
cycling systems remain greatly "open loop" in that a unit of recaptured
resin may not completely displace a unit of virgin resin.

EXISTING REPROCESSING TECHNIQUES

Mixed Plastics

Mixed polymer extrusion systems that accept post-consumer plastics as
a feedstock include grinding, washing, and blending operations before
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heating and extruding the product into molds. Commercially available
equipment lines are generally automated and some can process up to 5,000
TPY of co-mingled plastic waste [22]. Tolerable non-plastic contamination
depends on equipment type, but usually is in the 15% range. Production is
continuous and normally occurs in batches, depending on the mold setup.

After delivery to the recycling plant, mixed plastic waste is loaded
into a hopper for shredding and ground until it falls through a mesh.
Ferrous material can be removed magnetically as the ground plastic moves
along a conveyor belt. An optional washer, where detergent solutions re-
move mineral and organic contamination, can be applied to increase product
quality. Next, an auger hopper dries and homogenizes the flaked plastic.
At this point, additives such as "compatibilizers", pigments, curing
agents, and flame retardants can be blended in. Once the plastic waste is
ground, washed, and amended it is ready for the key phase of treatment:
plastification and extrusion. An adiabatic, high-shear screw heats the
plastic granulate frictionally, causing the mixture to soften and blend.
The melted plastic blend is forced through an extrusion head and then
compressed into molds that 1ie on a rotating table. Finally, the warm,
soft products are water-cooled and set out to harden [22,23].

The synthetic products produced by reextrusion technology have found
a wide range of applications, especially in the form of rot-proof wood
replacement items. Livestockmen have purchased synthetic planks and posts
for use as corrosion- and chew-proof pig pens, horse stalls, and feeding
bins. Marina builders like the seawater- and organism-resistant piers and
decking for dock construction. Pallets, grates, industrial flooring, plan-
ters, curbstones, bins, and soil retainers can all be made out of waste
plastic, with the benefit of being more sanitary, durable, and weather-
proof. These products can be cut and fastened just 1ike wood and will
never require painting or finishing. Since the present technology yields
downgraded plastic qualities, product applications have been restricted to
those mentioned above and to similar Tow demand items. Due to the multi-
polymer aggregate nature of these synthetic materials, product thickness
has been restricted to a minimum of 4 mm (thick section products) [22].

The first commercially available mixed polymer extrusion equipment
line was the Reverzer, developed about a decade ago in Japan by the Mitsu-
bishi Petrochemical Co. The Reverzer was imported to Europe and, through
a series of refinements, led to the development of the current generation
of machines. Advanced Recycling Technology Ltd. of Belgium manufactures
the ET/1, one of the most popular models. Currently, 20 of the ET/1 extru-
der equipment lines are actively producing a saleable product in western
Europe and the U.S. [24]. Other prominent extruders include Recycloplast
(W. Germany) and Revive (Italy). Several other organizations are develop-
ing mixed plastic extruders for their own use and/or for sale [25-30].

Monopolymer Plastics

Out of the billions of pounds of post-consumer plastic generated
annually, a mere 1% is recycled into useful consumer products. PET car-
bonated beverage containers and HDPE milk jugs compose the majority of
this recycled plastic, and together represent the vast majority of the
over 150 million pounds of post-consumer monopolymeric waste recovered in
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1987 [30]. These beverage containers are a source of pure polymer type
and, therefore, can be reextruded into higher grade and more valuable
products than is possible with mixed polymer feedstock.

PET bottle reprocessing systems, spurred by the sudden supply of PET
feedstock in U.S. states having bottle bills, have become established by
at Jeast 16 independent businesses as listed in the Plastic Bottle Insti-
tute’s Plastic Bottle Directory and Reference Guide of 1987 [31]. These
companies remanufacture ground, washed PET flakes into saleable products;
primarily fiberfill stuffing for garments and sleeping bags, urethane poly-
ols, and unsaturated polyester. The latter two products are chemicals
used in the manufacture of rigid plasticized items such as boat hulls and
refrigeration insulation. In addition to remanufacturers, at Teast 20
1isted companies in the U.S. are involved with PET recycling, either as
brokers who buy and sell empty bottles or as intermediate processors who
buy, regrind, clean and sell PET plastic to remanufacturers. Some com-
panies, such as Wellman, Inc. (South Carolina) and St. Jude Polymer (Pen-
nsylvania), are involved with all aspects of PET recycling and, in fact,
account for the great majority of the U.S. reprocessing capacity [32,33].

A complete technology transfer license agreement for PET bottle re-
cycling is available through the Center for Plastics Recycling Research
(CPRR) at Rutgers University in New Jersey [34]. The agreement contains
comprehensive technical and economic information that would allow a poten-
tial recycler to pattern his PET b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>