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14.1 Introduction

 

Recycling of materials has an extremely long history in the United
States and all over the world. Whenever raw materials were scarce or
expensive, it was common sense to use the materials already on hand
as many times as possible. Clothes, for example, were handed down
from one family member to another, dresses became aprons, scraps of
fabric became quilts, cloth too worn to be used in clothing became a
rag rug, or, in a complete change of identity, paper. During World War
II, recycling was essential to the war effort. After that time, however,
in the United States, increased affluence led to a large decline in recy-
cling, as the U.S. became characterized as a “throw-away society.”
Glimmerings of increased interest in conservation and recycling
emerged around 1970, with the first Earth Day signaling a renewed
interest in environmental issues. Concern about wasting resources
was fueled by the oil crisis of 1973. Recycling was recognized as a way
of conserving both resources and, at least in many cases, energy as
well. Recycling programs were started in a number of communities,
though most remained small and had limited impact. In the mid-
1980s, however, recycling entered a period of dramatic growth with
the emergence of a new issue—lack of disposal capacity for municipal
solid waste. By the late 1990s, concern about solid waste disposal had
declined in the U.S., though it was still a major issue in many other
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parts of the world. As we enter the twenty-first century, solid waste
disposal capacity remains a concern in much of the world, oil prices
are rising again, the threat of global warming is fueling new calls for
energy conservation, and recycling rates are rising for some materials
in some places and falling for others.

This chapter will examine the current status of recycling, including
recycling rates, recycling technology, properties of recycled materials,
and markets for them, along with a discussion of legislative require-
ments and consumer pressure. The emphasis will be on recycling of
post-consumer materials—those that have served their intended pur-
pose and are destined for disposal. The emphasis will also be on recy-
cling in the United States, though there will be some discussion of the
situation in other countries.

 

14.1.1 Solid Waste Disposal Concerns

 

As mentioned above, concerns about disposal of municipal solid waste
(MSW) were the primary driver behind the very large growth in mate-
rial recycling that has taken place since 1980. Municipal solid waste is
defined as residential, commercial, institutional, and industrial
wastes such as durable goods, nondurable goods, containers and pack-
aging, food scraps, yard trimmings, and similar materials. It does not
include construction and demolition debris, automobiles (though it
does include tires), municipal sludge, combustion ash, and industrial
process waste.

In the mid-1980s, many major metropolitan areas, particularly on
the East Coast, were very close to being out of MSW disposal capacity.
Disposal costs were rising astronomically, reaching over $100 per ton
in New Jersey for 

 

tipping fees

 

 (the amount charged by the disposal fa-
cility for accepting the waste) alone. The voyage of the garbage scow
Mobro, which sailed from Long Island, New York, around a good part
of the Western Hemisphere, turned away from port after port as it
searched for a home for its cargo, caught the attention of the media
and the American public and came to epitomize the “garbage crisis.”

Governments at various levels, from individual communities to
whole states, were struggling to find ways to deal with ensuring con-
tinuation of the necessary public service of garbage disposal while con-
taining the costs that were threatening to ruin their budgets—and the
chances of reelection for the responsible officials. Acronyms such as
NIMBY (not in my backyard), NIMTO (not in my term of office), and
PITBY (put it in their backyard) were coined. 

Some communities and states solved at least their immediate prob-
lem by shipping their garbage to adjoining communities or states—or
even farther. Garbage from Long Island, New York, reached landfills
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as far away as Michigan. Predictably, “host” communities were not al-
ways happy with their role. Many states tried to write laws to prohibit
the import of “outsiders’” waste, only to have them struck down based
on the free trade between states provisions in the U.S. Constitution. A
number of incineration facilities for municipal solid waste were built,
but public resistance to these facilities soon became even greater than
resistance to landfills, and their costs were typically much higher than
landfills. Recycling programs were started up around the country, first
in the hundreds and then in the thousands. In contrast to incinera-
tion, recycling proved to be very politically popular.

At the same time, slowly but surely, new landfills were sited and
built. Due to new regulations, these landfills were constructed much
differently from the old landfills that were being shut down. They con-
tained liners—often double liners—to protect against groundwater
pollution, and caps to help prevent ingress of water. More care was
given to locating them in geologically appropriate areas as well. The
cost of these new landfills was also higher but, with increase in capac-
ity and decrease in demand (as recycling increased), the average tip-
ping fees in landfills actually declined in many areas from the record
highs set in the early 1990s. For example, in New Jersey, the average
landfill tipping fee in 1998 was down to $60 per ton.

 

1

 

 While the abso-
lute number of landfills in the U.S. continued to decline, to 2,314 in
1998, capacity increased. In 1988, 14 states reported having less than
5 years of disposal capacity remaining. In 1998, no states reported less
than 5 years capacity, and only 7 had less than 10 years capacity.

 

1

 

 The
average landfill tipping fee in the U.S. was $33.60 per ton in 1998, up
$2 per ton from 1997.

 

1

 

Incineration increased in the last half of the 1980s but then leveled
off in the face of growing public resistance. New York City, for exam-
ple, at one time planned to build five large incineration facilities but
found its plans tied up for years because of public opposition, and
eventually scrapped the idea. EPA reports indicate that incineration
rates have been relatively steady at about 16–17% since 1990.

 

2

 

 BioCy-
cle, with a somewhat different definition of MSW, reported an inciner-
ation rate of only 7.5% in 1998, down from 9% in 1997, and in the
10–11% range from 1990 through 1996. BioCycle draws its figures
from state reports, and some states include other types of waste, espe-
cially construction and demolition debris, in their definition of munici-
pal solid waste.

 

1

 

Recycling rates have increased steadily in the U.S. since the mid
1980s, as many new recycling programs were begun. In 1998, the
number of curbside recycling programs in the U.S. reached 9,349. The
proportion of municipal solid waste that was recycled and composted
reached 31.5%.

 

1
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During the mid to late 1990s, another factor also began to moderate
the amount of MSW destined for landfill. The overall generation rate
for MSW began to fall. Initially, the decline could be seen on a per cap-
ita basis only, as the rising population made overall MSW generation
go up, even when the amount generated per person declined slightly.
By 1995, declines were seen in total tonnage as well. However, in
1997, the strong economy led to generation of a record 217 million tons
of municipal solid waste, back to the 1995 level of 4.4 pounds per per-
son per day, after falling to 4.3 pounds in 1996.

 

2

 

 BioCycle reported just
under 375 million tons of MSW in 1998, up from 340 million tons in
1997.

 

1

 

 Discards to landfill and other disposal increased to 119.6 mil-
lion tons from 115.8 million tons in 1996, though remaining well below
the 140.1 million tons in 1990, according to EPA.

 

2

 

 Historical trends in
generation and disposal of MSW in the U.S. are shown in Fig. 14.1.
Recycling rates for various categories of materials are shown in Fig.
14.2.

In much of Europe, the lack of landfill capacity was more real than
in the U.S. Many countries had been heavily dependent on incinera-
tion for a long time, since space for landfill was very hard to find. How-
ever, public resistance to incineration was increasing. These ongoing
problems led to increased reliance on composting and recycling as al-
ternatives to incineration and landfill. However, increasing waste gen-
eration has undermined efforts to reduce reliance on landfilling.
According to a recent report, landfilling in 1995 accounted for 67% of

Figure 14.1 Trends in generation and disposal of municipal
solid waste in the U.S.2
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municipal solid waste, up from 64% in the 1985–1995 period (Fig.
14.3).

 

3

 

Other parts of the world, too, have experienced problems with con-
tinuing to dispose of materials as they have done in the past. In much
of the developing world, the usual location of waste disposal is in open
dumps. A considerable amount of unorganized recycling is common in
these societies, with individuals scavenging reusable materials from
the dump sites. As more modern forms of waste disposal are imple-
mented in efforts to curtail the problems resulting from open dump-
ing, recycling in a more organized fashion is becoming part of the solid
waste management strategy.

Thus, around the world, there is increasing reliance on recycling,
not as the only method for handling solid waste but as an important
part of what has become known as 

 

integrated solid waste manage-
ment

 

—the mix of strategies used to handle disposal of the wastes we
generate.

 

14.1.2 Composition of Municipal Solid 
Waste

 

The U.S. Environmental Protection Agency classifies municipal solid
waste by product type and by material. Categorization by material
shows that the largest single component of MSW, by weight, is paper
and paperboard at 38.6%, for a total of 83.8 million tons in 1997 (Fig.
14.4).

 

2

 

 Yard trimmings are the next largest category, followed by food
waste and then by plastics. The relative contributions of paper and pa-
perboard and of plastics have increased over the years, while the con-
tributions of food and yard wastes have declined (Fig. 14.5).

Figure 14.2 Recycling rates for materials in U.S. municipal solid
waste, 1997.2
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EPA categorizes products as durable goods, nondurable goods, con-
tainers and packaging, and other wastes, including food and yard
wastes. The proportion of materials in MSW classified as containers
and packaging has stayed relatively constant, at about one-third of
the waste stream. The durable goods category has increased some-
what, and the nondurable goods category has increased substantially
(Figs. 14.6 and 14.7), while food and yard wastes have declined.

 

14.1.3 Legislative Requirements

 

In the United States, legislative requirements related to recycling are
in effect predominantly at the state, rather than federal, level. A num-
ber of states have some kind of requirement that recycling opportuni-
ties be available to residents. Some require residents to participate in
recycling, requiring that the target recyclable materials be kept out of

Figure 14.3 Municipal solid waste disposal trends
in Europe.
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the disposal stream and instead diverted to recycling (source separa-
tion). Some do not mandate recycling per se but prohibit the disposal,
by landfill or incineration, of the target recyclables. Others require
that communities incorporate recycling as part of their solid waste
management strategy. Still others simply require that consideration
be given to recycling as an option (Tables 14.1 and 14.2).

 

4,5 

 

Several states have considered the establishment of taxes or fees to
promote recycling. Bottle deposit legislation can be put in this cate-
gory. States with mandatory deposits on certain containers, typically
carbonated beverages (Table 14.3), achieve high rates of return, typi-
cally 90% or more, facilitating the recycling of the containers. Hawaii
currently has an advance disposal fee on glass containers, and a bill
that would impose such a fee on plastic containers has been intro-
duced into the state legislature.

 

4

 

 In 1993, Florida instituted an ad-
vance disposal fee on containers that did not meet a minimum
recycling rate or satisfy recycled content options. The fee had a 1995
sunset date and was not extended. Many states have given favorable
treatment to recycling activities in the tax code (Table 14.4).

A number of states have instituted grant or loan programs to assist
in the establishment of recycling. Funds from such programs have
been used in a variety of ways, from developing educational materials
for children to convince them of the value of recycling, to buying equip-
ment for processing recyclable materials or for manufacturing prod-
ucts from these materials.

Figure 14.4 Materials in U.S. municipal waste.2
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In the late 1980s, when curbside recycling programs were growing
at a very rapid pace, problems were encountered with supply of recy-
clables outstripping processing capacity and demand, resulting in dra-
matic decreases in the value of materials collected for recycling. This

Figure 14.5 Proportions of materials in U.S. municipal
solid waste: (a) 1980 and (b) 1987.2
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was especially the case for newsprint. Community programs that de-
pended on the revenue from selling old newspapers (ONP) to support
their activities found themselves, in a significant number of cases, not
only no longer receiving the counted-on revenue, but actually being

 

TABLE 

 

14.1 Summary of Recycling Requirements in the U.S.

 

4

 

Recycling requirement State

Goals only Idaho, Louisiana, Mississippi, Nebraska, North Dakota

Local governments 
required to write 
recycling plans

Alabama, California, Hawaii, Iowa, Kentucky, Maryland, 
Massachusetts, Michigan, Missouri, New Hampshire, 
New Mexico, Ohio, South Dakota, Tennessee, Texas, 
Vermont, Virginia

Local governments 
required to implement 
recycling

Arizona, Arkansas, Delaware, Georgia, Illinois, 
Minnesota, Nevada (certain counties only), North 
Carolina, Oklahoma (municipalities), Oregon, South 
Carolina, Washington

Local governments 
required to meet 
recycling goals

Florida

Source separation of 
recyclables required

Connecticut, District of Columbia, Maine (businesses 
only), New Jersey, New York, Pennsylvania, Rhode 
Island, West Virginia (urban areas)

Volume-based disposal fees 
mandated if recycling 
goals not met

Wisconsin

Figure 14.6 Products in U.S. municipal solid waste.2
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forced to pay to get rid of the collected newspapers. To bolster the mar-
kets and processing capacity for the material, a number of states con-
sidered the imposition of mandatory recycled content requirements on
newspaper publishers. In several states, such laws were enacted. In a
number of other states, newspaper publishers and state governments
reached voluntary agreements for use of recycled content to avoid im-
position of mandatory requirements (Table 14.5). These laws and
agreements did result not only in creating expanded markets for recy-
cled paper but, significantly, in stimulating investment by the paper
industry in processing capacity for recycled paper. Because a signifi-
cant amount of newsprint in the U.S. is imported from Canada, they
affected paper manufacturing in Canada as well as in the U.S.

Figure 14.7 Proportions of products in U.S. municipal
solid waste: (a) 1980 and (b) 1997.2
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TABLE 

 

14.2 Selected Disposal Bans in the U.S.

 

4

 

 

 

State Material

Alabama Used oil, lead-acid batteries

Arizona Used oil, lead-acid batteries, tires

Arkansas Used oil, lead-acid batteries, white goods

California Used oil, lead-acid batteries, tires, white goods

Colorado Tires, construction waste

Connecticut Designated recyclables, batteries, used oil

District of Columbia Used oil

Florida Used oil, lead-acid batteries, white goods, C/D waste

Georgia Lead-acid batteries, tires

Hawaii Used oil, lead-acid batteries

Idaho Lead-acid batteries, tires

Illinois Used oil, lead-acid batteries, tires, white goods

Iowa Used oil, batteries, tires

Kansas Tires

Kentucky Lead-acid batteries, tires

Louisiana Recyclables, used oil, lead-acid batteries, tires, white goods

Maine Lead-acid batteries, tires, white goods

Maryland Batteries, tires, white goods

Massachusetts Recyclables, lead-acid batteries, tires, white goods

Michigan Used oil, lead-acid batteries

Minnesota Source-separated recyclables, used oil, batteries, tires, oil 
filters, white goods

Mississippi Used oil, lead-acid batteries, tires

Missouri Used oil, lead-acid batteries, tires, white goods

Nebraska Used oil, lead-acid batteries, tires, white goods

New Hampshire Recyclables, used oil, lead-acid batteries

New Jersey Lead-acid batteries, white goods
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The success of mandatory recycled content requirements for news-
papers in increasing markets for recycled paper set the stage for con-
sideration of similar requirements for other materials. Oregon
requires a minimum of 35% recycled content in glass containers, effec-
tive Jan. 1, 1999, which will increase to 50% on Jan. 1, 2002. Califor-
nia requires 35% minimum “postfilled” recycled content in glass
containers. The term “postfilled” refers to “any container which had
been previously filled with a beverage or food.” The requirement is re-
duced to 25% for manufacturers who can demonstrate that their use of
recycled glass consisted of at least 75% mixed color cullet.

 

4

 

 California

 

New Mexico Lead-acid batteries, white goods

New York Lead-acid batteries, tires

North Carolina Used oil, lead-acid batteries, white goods

North Dakota Used oil, lead-acid batteries, white goods

Ohio Lead-acid batteries, tires

Oregon Used oil, lead-acid batteries, tires, white goods

Pennsylvania Lead-acid batteries

Rhode Island Recyclables

South Carolina Used oil, lead-acid batteries, tires, white goods

South Dakota Used oil, lead-acid batteries, tires

Tennessee Used oil, lead-acid batteries, tires

Texas Used oil, lead-acid batteries

Utah Used oil, lead-acid batteries, tires

Vermont Used oil, batteries, tires, white goods

Virginia Used oil, lead-acid batteries, white goods

Washington Used oil, lead-acid batteries

West Virginia Used oil, lead-acid batteries, tires

Wisconsin Recyclables, used oil, lead-acid batteries, white goods

Wyoming Lead-acid batteries

 

TABLE 

 

14.2 Selected Disposal Bans in the U.S.

 

4

 

 (Continued)

 

State Material
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also requires that a minimum of 30% average recycled content from
glass containers be used in fiberglass sold or manufactured in the
state.

Three states have passed laws affecting rigid plastic packaging, re-
quiring minimum recycled content, minimum recycling rates, or
source reduction. Wisconsin requires plastic containers, except for
food, beverages, drugs, and cosmetics, effective in 1995, to consist of at
least 10% recycled or remanufactured material by weight.

 

5

 

 Report-
edly, there is little enforcement of this legislation. Oregon requires
rigid plastic containers, except food and medical packaging, to contain
25% recycled content, meet target 25% recycling rates (defined in a va-

 

TABLE 

 

14.3 Bottle Deposit Legislation in the U.S.

 

4

 

State Containers Covered Characteristics

Connecticut Beer, malt beverages, carbonated 
soft drinks, soda water, mineral 
water

5 cent deposit

California Beer, malt beverages, carbonated 
soft drinks, wine coolers; effective 
1/1/00 water, sports drinks, fruit 
drinks, coffee, tea

Refund system rather than 
deposit, 2.5 cents on most 
containers

Delaware Non-alcoholic carbonated 
beverages, beer and other malt 
beverages

5 cent deposit, aluminum 
cans exempt

Iowa Beer, soft drinks, wine, liquor 5 cent deposit

Maine Beer, soft drinks, distilled spirits, 
wine, juice, water and other 
noncarbonated beverages

5 cent deposit, 15 cents on 
wine and liquor, no deposit 
on milk

Massachusetts Carbonated soft drinks, mineral 
water, beer and other malt 
beverages

5 cent deposit; containers 2 
gallons or larger exempt

Michigan Beer, soda, canned cocktails, 
carbonated water, mineral water, 
wine coolers

10 cent deposit; 5 cents on 
some refillable bottles

New York Beer, soda, wine coolers, carbonated 
mineral water and soda water

5 cent deposit

Oregon Beer, malt beverages, soft drinks, 
carbonated and mineral water

5 cent deposit; 3 cents on 
standard refillable bottles

Vermont Beer and soft drinks, liquor 5 cent deposit; 15 cents on 
liquor bottles; all glass 
bottles must be refillable

 

14Selke  Page 13  Wednesday, May 23, 2001  10:51 AM



 

14.14 Chapter 14

 

riety of ways), or be source-reduced by 10%.

 

4

 

 Since this law went into
effect in 1995, the aggregate recycling rate for all plastic containers in
Oregon has been above the required 25%, so all plastic containers sat-
isfy the law’s requirements automatically. In 1996, the estimated recy-

 

TABLE 

 

14.4 States Providing Favorable Tax Treatment for Recycling

 

4

 

Arizona Iowa Missouri Oklahoma

Arkansas Kansas Montana South Carolina

California Kentucky New Jersey Texas

Delaware Louisiana New Mexico Virginia

Hawaii Maine North Carolina West Virginia

Illinois Maryland North Dakota Wisconsin

Indiana Minnesota Ohio

 

TABLE 

 

14.5 States with Minimum Recycled 
Content Requirements for Newspapers

 

4

 

Mandatory Voluntary

Arizona Colorado

California Hawaii

Connecticut Indiana

District of Columbia Iowa

Illinois Kentucky

Maryland Louisiana

Missouri Maine

North Carolina Massachusetts

Oregon New Hampshire

Rhode Island New York

Texas Ohio

West Virginia Pennsylvania

Wisconsin South Dakota

Vermont

Virginia
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cling rate was 33.3% in the state.

 

6

 

 However, in 1998, the rate was
down to 28.4% and, in early 2000, the state warned that its projections
show that the plastics recycling rate may fall below 25% as early as
2002 if the current decline in rates continues.

California has a rigid plastic recycling law very similar to that of
Oregon. In contrast to Oregon, which projects a recycling rate for the
current year, California certifies the recycling rate for a past year, typ-
ically two years after the fact. In 1998, the California Waste Manage-
ment Board determined that the aggregate recycling rate for rigid
plastic containers in California fell below the required 25% in 1996,
and it surveyed a selected group of manufacturers, requiring them to
certify to the board how they were meeting the requirements of the
law.

 

7

 

 The previous year, the board had, after considerable controversy,
adopted a recycling rate range for 1995 that spanned the required
25%, so no enforcement of the law was needed. The 1998 action took
manufacturers by surprise, as there was widespread disbelief that the
recycling rate had fallen as much as the state determined. Companies
that had expected to be in automatic compliance were now being
asked to demonstrate compliance retroactively. The state reached
agreements with several large companies that admitted noncompli-
ance, waiving penalties in exchange for the companies working to
come into compliance and documenting those efforts. In early 2000,
the California Waste Management Board levied a fine against one
company (out of business at that point) that not only failed to show
compliance but also refused to cooperate, stating that it did not feel it
came under the jurisdiction of the law. At last report, the company
planned to appeal the fine. The California rigid plastic container recy-
cling rate for 1997, released in 1999, was also below 25%, and a wider
spectrum of companies was surveyed for compliance. The 1998 rate
will be released in 2000 and is also expected to be below 25%, since re-
cycling rates for rigid plastic containers have continued to fall.

The majority of U.S. states require coding of plastic to facilitate
plastics recycling by identifying the type of resin used (Table 14.6).
The regulations specify use of the coding system developed by the So-
ciety of the Plastics Industry (SPI), consisting of a triangle formed
from chasing arrows, with a number code inside the triangle and a let-
ter code underneath. This system has been controversial since its in-
ception, with complaints by many environmental groups that
consumers misinterpret the identification symbol as an indication
that the container is recyclable, or even that it contains recycled con-
tent. The problem is aggravated by the use of the symbols on a variety
of objects other than rigid plastic containers. At the same time, the
identification symbol has been criticized by recyclers as not providing
enough information. For example, it does not differentiate between
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high- and low-melt flow grades of HDPE, even though the two are in-
compatible in a recycling system, and blending can result in a product
that no end-users find appropriate for their needs. There was a long
series of meetings between representatives of environmental groups,
recyclers, and plastics industry representatives to try to develop a so-
lution to these problems, but the effort eventually failed.

The approach to MSW management and recycling is very different
in Europe as compared to the United States. Germany took the lead in
Europe in implementing the producers’ responsibility philosophy, later
expanded to the entire European Union, which makes companies re-
sponsible for the proper disposal of the packages for their products,
with requirements that certain percentages of such packaging be col-
lected and that a certain percentage of collected materials be recycled.
In most cases, industry responded by forming industry organizations
to collectively handle the collection and recovery of the packaging so
that they did not have to do it individually. The first such organiza-
tion, in Germany, was Duales System Deutschland (DSD), commonly
known as the Green Dot system. 

It was not long before the idea of extending producers responsibility
to products, not just to packaging, emerged. There are now require-
ments that limit to five percent the amount of new cars that can be
landfilled. Automobile manufacturers have responded by changing the
design of their products to make them more recyclable and are also us-
ing more recycled materials in their construction. The same philoso-
phy is expected to be extended to other materials, such as construction
and demolition debris, electronics, and household appliances.

 

TABLE 

 

14.6 States Requiring the SPI Code on Rigid Plastic Containers

 

4

 

Alaska Illinois Minnesota Oregon

Arizona Indiana Mississippi Rhode Island

Arkansas Iowa Missouri South Carolina

California Kansas Nebraska South Dakota

Colorado Kentucky Nevada Tennessee

Connecticut Louisiana New Jersey Texas

Delaware Maine North Carolina Virginia

Florida Maryland North Dakota Washington

Georgia Massachusetts Ohio Wisconsin

Hawaii Michigan Oklahoma
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Canada adopted a National Packaging Protocol, with a requirement
to reduce the amount of packaging waste reaching disposal to 50% of
1988 levels by 2000.

 

8

 

 To the surprise of many, this target was reached
by 1996, when packaging waste disposal was reported to be 51.2% less
than in 1988.

 

9

 

 Various Canadian provinces have their own regulations
in support of this goal, including deposits and fees, landfill bans, and
requirements for the use of refillable containers.

 

10

 

Japan has had a deposit system for beer and sake bottles for many
years. In 1995, a law was passed to require businesses to recycle desig-
nated packaging wastes beginning in 1997. Polyethylene terephthalate
(PET) bottles and other containers are covered, and non-PET plastic
containers are included as of 2000. Industry responded by creating the
Japan Container and Package Recycling Association, a third-party or-
ganization, similar to the Green Dot system, which collects a fee in ex-
change for handling the recycling of the packaging waste.

 

5

 

 
South Korea has a deposit system on most containers, and it is de-

signed to encourage the use of reusable packaging and promote recy-
cling of nonrefillable containers. It has also adopted guidelines
intended to reduce the volume of polystyrene cushioning used in pack-
aging.

 

5

 

One municipal council in Malaysia began in July 1997 to restrict the
use of plastic packaging because of concern about disposal of plastics
and about adverse effects on wildlife from littered plastics, especially
those that enter bodies of water.

 

11

 

Israel passed a law in 1997 that requires local councils to recycle at
least 15% of their solid waste by the year 2000 and to recycle 25% by
2008. The recycling rate in 1996 was slightly over 25%, nationwide.

 

12

 

Switzerland requires the take-back and recycling or environmen-
tally sound disposal of electronic entertainment, office, information,
communications, and household equipment.

 

13

 

A variety of other countries around the world have adopted, or are
adopting, policies aimed at promoting the recycling of packaging ma-
terials and thus reducing their disposal burdens. In many cases, they
are following the European producer responsibility approach.

 

14.1.4 Other Pressures for Recycling

 

Legislation is not the only approach that can be used to push recy-
cling. Various other incentives include consumer pressure, purchasing
preferences, and pay-as-you-throw schemes.

Consumer pressure is often exhibited as preference for the purchase
of products containing recycled materials, or as protest against goods
or companies that fail to use recycled materials. The “consumer” may
be an individual, an institution, or a business. For example, many
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businesses have made a commitment to purchase more recycled mate-
rials (sometimes under pressure from their own consumers) and
therefore, as consumers, give preferential treatment to products con-
taining recycled materials in making their own purchasing decisions.
The recent action by Coca Cola to again begin using recycled content
in soft drink bottles in the U.S.

 

14

 

 is in response, at least in part, to
high-profile activity by environmental groups criticizing the company
for failing to do so. The campaign included full-page advertisements in
the New York Times and Wall Street Journal and encouragement for
individuals to mail empty soft drink bottles to the company.

 

15

 

Purchasing preferences can be seen as one manifestation of con-
sumer pressure. The term is more often associated with governments
rather than businesses, and it entails some type of formal commit-
ment to buy products made from recycled material when costs and
performance are competitive. In many cases, formal provision is made
for paying somewhat more for recycled materials than for competitive
products from virgin materials. The largest such program in the U.S.
is the federal purchasing preference program, which applies to govern-
ment agencies and contractors (above a minimum size), requiring
them to give preference to products made from recycled materials
when purchasing listed products. EPA issues the 

 

Comprehensive
Guideline for Procurement of Products Containing Recovered Materi-
als

 

,

 

16

 

 which contains the list of covered products, and updates it peri-
odically to reflect changes in technology and availability of recycled
products.

Pay-as-you-throw schemes provide an indirect way of promoting re-
cycling. If individuals or businesses are charged for their waste ac-
cording to the amount they produce, and if the cost of getting rid of
recyclables is less than the cost of getting rid of garbage, there is a
built-in financial incentive to minimize generation of waste, in part by
maximizing the diversion of potential recyclables from the garbage
stream to recycling. Charging for waste disposal by the amount gener-
ated has been reasonably standard practice for businesses. In recent
years, many communities have incorporated this idea into residential
waste collection.

 

14.2 Collection of Materials for Recycling

 

For recycling to occur, three basic elements must be in place. First,
there must be a system for collecting the targeted materials. Second,
there must be a facility capable of processing the collected recyclables
into a form that can be utilized by manufacturers to make a new prod-
uct. Third, new products made in whole or part from the recycled ma-
terial must be manufactured and sold. For recycling to be self-
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sustaining, the system as a whole must be economically feasible as
well. 

While processing and end uses differ substantially for different ma-
terials, there are similarities in collection that can usefully be dis-
cussed in a generic fashion. There are three main approaches: go out
and get the material, create conditions such that the material will be
brought to you, or use some combined approach. For all of these ap-
proaches, there is a relationship between the convenience the system
provides to the generator of the materials and the motivation required
to initiate and sustain the collection activity.

 

14.2.1 Deposit Systems

 

Deposit systems work by imposing a monetary deposit on the targeted
items, paid by the consumer, which is refunded to the consumer when
the item is properly returned. In some cases, the enabling legislation
requires that the collected deposit items be recycled. In other cases,
the economic incentives provided by the assemblage of materials are
sufficient to ensure that recycling usually occurs.

The first widespread deposit system in the United States was not
government mandated at all. Refillable glass beverage bottles (milk,
soft drinks, and beer) had a deposit designed to ensure that the bottles
got back to the distributor for refilling. The value of the bottles was
high enough that the bottlers could not afford to have too many people
fail to return them. No such deposits were charged on disposable plas-
tic, glass, or aluminum containers, since the bottlers had no interest
in their return. The “bottle bills” discussed in Sec. 14.1.3, which im-
posed deposits on most carbonated beverage containers in these
states, were targeted initially at reducing litter but also served to
greatly increase recycling of covered containers. The deposit of 5 or 10
cents per container proved to be a sufficient incentive to get consum-
ers to bring in 90% or more of the covered containers to centralized
collection points (retail stores). When there was a desire to increase
recycling beyond PET soft drink bottles to other types of plastic con-
tainers, this was one model that could be followed. Maine was the first
state to significantly expand its deposit law for the purpose of promot-
ing recycling. In 1990, Maine extended deposits to containers for most
beverages, excluding milk. In 1999, California expanded its refund
value law (effective Jan. 1, 2000), bringing it closer to a deposit law
format and extending coverage to water, juices, and sports drinks.

The beverage and retail industries have been adamantly opposed to
deposit laws, citing high costs, sanitary concerns, and other objections.
The primary advantages of deposit systems are their high rates of re-
turn of the targeted containers and relatively low levels of contamina-
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tion. Handling of returned containers is often done by employees at
retail stores. However, use of reverse vending machines, which can
identify the container, check for contamination, and issue either
money or a refund slip, is increasing.

 

14.2.2 Buyback Centers

 

For many years, the aluminum beverage can industry has depended
on recycled aluminum to reduce the cost of manufacturing aluminum
cans. The large amount of energy savings from using recycled alumi-
num, compared to ore, is very important to the overall economic viabil-
ity of the industry. While deposit programs are very successful, the
industry needed an effective alternative for states without such sys-
tems. Therefore, it established a network of buyback centers across
much of the U.S. Individuals can bring collected aluminum cans to
these facilities and are paid for the material based on its weight and
the current value of the recycled metal. The industry also encourages
can drives as fund-raising activities for local organizations. While col-
lection rates at such centers are considerably lower than in deposit
states, they did serve to increase the overall U.S. aluminum beverage
can recycling rate to over 50%, at a time when rates for plastic and
glass beverage containers hovered around 20%. Somewhat ironically,
the success of such buyback centers has declined with the increased
availability of curbside recycling across the U.S. The convenience of
curbside recycling, for many consumers, outweighs the monetary re-
ward offered by the buyback centers.

The idea of buyback centers is, of course, applicable to materials
other than aluminum cans. Many glass plants will buy back glass con-
tainers from consumers. Many manufacturers of recycled paper will
buy paper. At one time, there was a widespread network of Beverage
Industry Recycling Program (BIRP) buyback centers, most of which
accepted newspapers along with beverage containers, paying consum-
ers for the material they brought in. These were established largely as
part of efforts to ward off passage of bottle deposit legislation, and
they, too, have declined as curbside recycling has become more com-
monplace.

 

14.2.3 Drop-Off Facilities

 

Drop-off recycling centers, like buyback centers, depend on consumers
to deliver the targeted materials to a designated collection point. The
difference between these facilities and buyback centers is that there is
no monetary reward for the consumer. Therefore, they require the con-
sumer to have higher intrinsic motivation for the behavior to continue.
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Participation rates in such systems are often quite low, even when
they are reasonably convenient.

The major advantage of drop-off facilities is that they are reason-
ably low in cost, especially if they are unattended. Their primary dis-
advantages are relatively low rates of participation and relatively
high rates of contamination with undesired materials. Drop-off facili-
ties are the primary means of collecting recyclables in much of Eu-
rope. In the U.S., BioCycle counted 12,699 drop-off recycling programs
in 1997.

 

 

 

No number was reported for 1998.

 

1,17

 

14.2.4 Curbside Collection

 

In the U.S., most recycling of post-consumer materials is done through
curbside collection. A BioCycle survey counted 9,349 curbside recy-
cling programs in 1998, up from 8,937 in 1997, serving almost 139.5
million people.

 

1

 

 In these systems, households set their recyclables out
for collection in much the same way as they do their garbage, often in
the same place and on the same day. Many of these systems provide a
bin (usually colored blue) to consumers as a collection container. In
most systems, the consumer places a variety of recyclables in the bin,
perhaps with others bundled alongside, and the materials are sorted
in a material recovery facility (MRF). Sometimes the sorting is done at
truckside instead. In other systems, the consumers must sort the ma-
terials into designated categories before they are picked up. Both the
latter systems rely on use of a compartmented recycling vehicle to
keep the materials from intermingling. Some curbside systems use a
bag (also usually blue) rather than a bin. In some of these, garbage
and recyclables are collected at the same time, in the same vehicle,
and the recyclables are sorted out after the load is dumped. 

Because collection systems enhance convenience for the generator of
the waste materials, participation in recycling is typically higher in
these systems than in drop-off systems, where individuals must make
more of an effort to feed the materials into the recycling system. De-
posit systems are an exception; here, the added incentive of the mone-
tary reward, plus the fact that the redemption center is typically
located in a retail establishment where the consumers will be going
anyway to buy their groceries, more than makes up for the little extra
effort involved.

 

14.2.5 Recovery of Recyclables from Mixed 
Waste

 

One way to avoid the issue of how to convince individuals (or busi-
nesses) to participate in recycling is to separate recyclable materials
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from mixed municipal solid waste streams. The U.S. Bureau of Mines
supported extensive work in the 1970s on the processing of garbage
streams, using techniques derived from mineral processing. While
most such efforts were unsuccessful because of high costs and unac-
ceptable levels of contamination, the use of electromagnets to separate
ferrous metals from mixed refuse is quite effective. In fact, ferrous
metals can even be recovered from incinerator ash.

It is fairly common for waste disposal facilities to do at least some
recovery of materials from municipal solid waste. Sometimes, the di-
version is simple, involving, for example, separate collection of large
items such as appliances. In other cases, loads of MSW that are known
to contain higher than average quantities of recyclables are targeted
for processing, often by hand-picking of desired materials. Loads from
retail stores, for example, are often good sources of corrugated. Simi-
larly, construction and demolition debris, though not classified as
MSW, is often processed to remove steel and wood.

In some countries, recycling collection occurs primarily through the
activities of scavengers. In Brazil, India, and Egypt, for example,
groups of people make their living by sorting through dumps, recover-
ing materials that can be sold. In other cases, the scavengers go door
to door, collecting materials before they reach the disposal facilities.

 

14.3 Ferrous Metal Recycling

 

Recycling of ferrous metals (iron and steel) has a very long history.
Most steel products manufactured contain at least 25% recycled con-
tent, and many are 100% recycled material. Worldwide, the recycling
rate for the greater than 750 million tons per year of steel produced is
over 50%.

 

13

 

 Use of recycled metals saves energy, reduces pollution,
and lowers costs. Scrap generated in manufacturing iron and steel, or
in manufacturing products from ferrous metals, is routinely recovered
and recycled. Most post-consumer recycled steel is recovered from
items such as construction materials, automobiles, ships, and other
such materials, which are not classified as part of the municipal solid
waste stream. In recent years, however, the value of recovering steel
from MSW has been recognized, and recycling of such materials has
grown dramatically, even though the proportion of ferrous metals in
MSW in the U.S. has steadily declined from 11.7% in 1960 to 5.7% in
1997.

 

2

 

The majority of ferrous metal in MSW is found in durable goods,
9.23 million tons of the total 12.33 million tons. In 1997, recovery of
ferrous metal from durable goods amounted to 2.84 million tons, for a
recycling rate of 30.8%. The other major source of ferrous metal in
MSW is containers and packaging. Food and other cans amounted to
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2.86 million tons in 1997; 1.73 million tons were recycled, a rate of
60.5%. Other steel packaging, mostly barrels and drums, amounted to
240,000 tons, of which 160,000 tons were recovered, for a 66.7% recy-
cling rate (Fig. 14.8). The overall recycling rate for ferrous metals in
MSW was 38.4%.

 

2

 

Overall steel recycling rates are significantly higher than the rate
for steel in municipal solid waste, 65.2% in 1997 and 63.8% in 1998,
for a total of over 67 million tons in 1998.

 

18

 

 Automobiles and construc-
tion beams and plates had the highest recycling rates of the major cat-
egories reported by the Steel Recycling Institute (SRI) (Fig. 14.9).

 

18

 

The industry voiced concern about the decline in recycling rates in
most categories of steel in 1998, compared to 1997, attributing the de-
cline to increased competition from imported steel, and calling for the
U.S. government to reconsider unrestricted steel imports, in light of
the “poor environmental records of foreign steel producers.”

 

19

 

 U.S.
steel production was down more than 20% in 1998.20

Steel recycling rates vary considerably around the world. Japan has
shown dramatic improvement in recycling rates for steel cans, reach-
ing 82.5% in 1998 (Fig. 14.10).21 The steel packaging recycling rate in
the European Union was 51% in 1998, down slightly from 52% in
1997, but still well above the 1996 rate of 45%. There were large dif-
ferences between various EU countries, with Germany highest at
81%, and Luxembourg at the bottom at 10% (Fig. 14.11).22

At one time, recovery of tin from tin-plated steel was a dominant
factor in recycling of steel cans. However, the increased use of tin-free
steel in packaging applications, coupled with the decrease in average
tin weight in tinplate, has led to a decline in the importance of this ac-

Figure 14.8 Steel generation and recovery in U.S.
municipal solid waste, 1997.2
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tivity. In 1996, a ton of steel cans contained only about 3.8 lb of tin.
Some detinning facilities have closed in recent years because of these
factors. In 1997, there were nine detinners in operation in the U.S.

As mentioned earlier, steel can be effectively recovered from munici-
pal solid waste using electromagnets. Magnetic recovery of steel is es-
pecially common at incineration facilities, where the steel can be
recovered either before or after combustion. Both the percentage re-
covered and the quality of the recovered material are somewhat
higher when recovery precedes combustion. Recovery from MSW has

Figure 14.9 Recycling rates for selected steel products
in the U.S.18

Figure 14.10 Steel can recycling rates in Japan.21
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been a significant factor in increasing the recovery of steel from MSW,
and particularly from packaging wastes.

In the U.S., recovery of steel cans from curbside and drop-off recy-
cling programs is an important factor in recovery of packaging steel. It
was estimated that steel cans were included in 6,900 of the 7,200 curb-
side collection programs in the U.S. in 1998, and in about 10,000 drop-
off programs. Steel cans were recovered “dockside” from a large num-
ber of commercial and institutional kitchens as well. In addition, 96 of
the 114 waste-to-energy facilities in the U.S. recovered steel magneti-
cally, for an annual recovery of about 775,000 tons.23

In the last several years, SRI has worked to encourage the recycling
of empty paint and aerosol cans. Michigan became the first U.S. state
to have statewide inclusion of empty aerosol cans in recycling pro-
grams. As of 1998, about 3,500 recycling programs were collecting
paint cans, and more than 4,700 were collecting empty aerosol cans,
mixed with other steel cans.23

Recycling of oil filters is increasing, reaching nearly 30% in 1997, in
large part due to the used oil filter hotline program sponsored by the
Filter Manufacturers Council, which supplies information to consum-
ers about companies that accept used filters for recycling. There are
about 10,000 appliance recycling programs in the U.S., and the total
number of appliances recycled in 1997 was more than 46 million.23

Recycling of steel by the steel industry differs significantly in the
two major types of steel manufacturing processes. The basic oxygen
furnace (BOF) method of manufacturing steel uses 25 to 30% recycled
steel in the mix. In 1998, over 18 million tons of ferrous scrap were
used in the production of 59.7 million tons of liquid steel in BOF facili-

Figure 14.11 Steel packaging recycling rates in Europe.22

(*Rates for Belgium and the Netherlands are for steel and
aluminum cans combined.)
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ties. Just under 6 million tons of scrap used was classified as pre-con-
sumer “home scrap,” unsalable material produced during steel
manufacture. Of purchased scrap, 83.4% was post-consumer, and the
remainder was pre-consumer “prompt scrap” produced by manufac-
turing processes for items made with steel. The overall post-consumer
recycled content was 16.9%.24 BOF steel is used for flat-rolled prod-
ucts such as sheet for cans, appliances, and automobiles.

The electric arc furnace (EAF) method uses virtually 100% recycled
steel. In 1998, 44.3 million tons of ferrous scrap were used in the pro-
duction of 45.8 million tons of liquid steel in EAF facilities. Just over 9
million tons was pre-consumer “home scrap” generated within the fa-
cilities. As for BOF facilities, outside purchased scrap was 83.4% post-
consumer material, and the remainder pre-consumer “prompt scrap.”
The overall post-consumer recycled content was 64.3%.24 EAF steel is
used for long or heavy shapes, such as I-beams, rebar, wire, and nails.
The percentage of U.S. steel manufactured in electric arc furnaces has
grown from about 30% in the early 1980s to about 40% in 1997. It is
expected to increase to 50% by 2020.23 Electric arc furnaces are found
primarily in mini-mills. In 1999, 89 mini-mills were in operation in 31
states and 6 Canadian provinces, with five U.S. states (Pennsylvania,
Texas, Arkansas, Illinois, and Indiana) accounting for half of U.S.
mini-mill production, and Ontario accounting for over a third of Cana-
dian production.25

Steel recycling is primarily an open-loop process. Rather than going
back into the same or similar applications, available scrap steel typi-
cally goes to the closest steel manufacturing facility. Thus, a steel can
may become an automobile, which may become an appliance, which
may become a can again.

In addition to reducing landfill space, steel recycling conserves nat-
ural resources, including energy. Each ton of recycled steel is esti-
mated to conserve 2,500 pounds of iron ore, 1,400 pounds of coal, and
120 pounds of limestone. Overall, recycling steel is estimated to save
enough energy each year to power about 18 million North American
households.26

14.4 Aluminum Recycling

Historically, aluminum has had a higher recycling rate than most ma-
terials found in municipal solid waste. Much of this was due to recy-
cling of aluminum beverage cans, which have had a recycling rate in
the U.S. of over 50% every year since 1981. Beverage cans are the
largest source of aluminum in the U.S. municipal solid waste stream,
accounting for 1.53 million tons in 1997. Of this, 970,000 tons were re-
cycled, for a 59.5% rate. About 50,000 tons of non-beverage aluminum
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cans were discarded, along with 360,000 tons of foil and closures. Re-
covery of foil and closures was about 30,000 tons, for a recycling rate
of 8.3%. Recovery of non-beverage cans was less than 5,000 tons. The
overall recycling rate for aluminum packaging was 48.5%. About
180,000 tons of aluminum in nondurable goods and 890,000 tons in
durable goods were discarded, with no substantial recovery in either
of these categories. The overall recycling rate for aluminum in MSW
was 31.2%, and for aluminum packaging was 48.5%.2

Recycling rates for aluminum beverage cans in the U.S. have fallen
somewhat in recent years from their high of 67.9% in 1992 (Fig.
14.12).27 Drops in recycling rates for used beverage cans (UBC) have
been attributed to decline in UBC prices, the demise of buy-back cen-
ters, and decreased use of UBCs in fund-raising activities by commu-
nity groups. These, in turn, are associated with a decline in the value
of virgin aluminum, increased curbside collection, and higher costs for
buyback centers.

In Europe, where the aluminum can has had a smaller share of the
beverage container market, recycling rates have been lower than in
the U.S., though they have increased rapidly in the last several years.
In 1994, the average European recycling rate for aluminum beverage
cans was 30%. By 1998, it reached 41%, and a 50% rate is predicted
for 2000.28 Rates differ significantly among various European coun-
tries, as can be seen in Fig. 14.13.

Non-MSW sources of recycled aluminum include construction mate-
rials, sign posts, fencing, airplanes, etc. In 1998, the total amount of
aluminum recycled in the U.S. was 9.1 billion pounds, of which almost

Figure 14.12 Aluminum beverage can recycling rates in the
United States.26
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2.0 billion pounds was from used beverage cans.29 In Europe, the recy-
cling rate for aluminum in building and construction was estimated at
85% in 1998, and the recycling rate for transportation at 95%.30 The
overall recycling rate for aluminum in the U.S. is about 33%, the same
as the overall global recycling rate.30,31

A significant motivating factor for aluminum recycling is the large
energy savings provided by using recycled aluminum in place of alu-
minum from ore. Making aluminum ingot requires, on average,
186,262 MJ of energy if the aluminum is made from ore, but only
11,690 MJ, 6.3%, if the ingot is made from recycled aluminum (not
counting energy required for transportation).32 Generation of pollut-
ants is also reduced substantially.

The processing of recycled aluminum from cans (UBCs) begins with
shredding the collected material to a size of about 1/4 to 1 in. The pri-
mary reason for shredding is to avoid carrying large amounts of mois-
ture into the melting furnace, where it could cause a serious explosion.
The fines and aluminum dust created during shredding are collected
and removed using high-efficiency cyclones to eliminate the hazard of
dust explosions. Magnetic separation is used to remove any steel con-
tained in the material, and pneumatic processing is used to remove
paper and other contaminants. The material is then sent through a
delacquering furnace where the metal is baked bare and paint or coat-
ing materials are removed. Next, the aluminum is charged into the
melting furnace, where temperatures reach about 1450°F. Salt is
added at this stage to remove some silicon and calcium. Some contam-
inants rise to the surface of the melt, forming the dross or skim, which
must be removed and sent for further processing. The melted alumi-

Figure 14.13 Aluminum can recycling rates in Europe.28
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num is next sent to the ingot plant, where alloying ingredients are
added as needed to obtain the desired composition, and where the
metal is filtered and fluxed to remove remaining contaminants. Fi-
nally, the ingots are rolled into can sheet.33 The average recycled con-
tent of aluminum beverage cans in the U.S. in 1998 was 51.4%.29 The
dross is commonly recycled by toll processors, who also handle a vari-
ety of other types of scrap aluminum. 

Recycling of other types of aluminum scrap proceeds similarly to re-
cycling of beverage cans. The material is shredded, passed by mag-
netic separators, and screened to remove small particles of dust and
dirt. Driers are used to remove moisture, oil, and organics before the
scrap is melted.

14.5 Recycling of Other Nonferrous Metals

The primary nonferrous metals (other than aluminum) found in MSW
are lead, copper, and zinc. Lead, primarily in lead-acid batteries, is the
most common, amounting to 880,000 tons in U.S. MSW in 1997. Of
this, 830,000 tons was recovered for recycling, for a rate of 94.3%. This
very high recovery rate is attributable to deposits on lead-acid batter-
ies in many states, coupled with bans on landfill or incineration of
lead-acid batteries in most states (see Table 14.2).2

Other nonferrous metals in MSW amounted to about 390,000 tons
in 1997, nearly all in durable goods. Recovery was insignificant, in
terms of total tonnage. There is recovery of some silver from X-ray and
photographic film, and there is some recovery of copper from materials
such as pipe and wire (which are not classified as MSW).2

Recovery of metals from sources other than municipal solid waste is
quite significant for some materials. Copper, for example, can be re-
covered from wiring in building and construction debris. Such types of
metal recovery are not covered in this chapter.

14.6 Glass Recycling

Containers are the largest source of glass in MSW, amounting to 10.61
million tons in 1997 in the U.S. About 2.92 million tons were recov-
ered, for a recycling rate of 27.5%. Figure 14.14 shows the breakdown
by container category, for both generation and recovery. An additional
1.4 million tons of glass were found in durable goods, such as appli-
ances, furniture, and electronics, with no significant recovery in this
category. The overall recycling rate for glass in MSW was 24.3%.2 The
Glass Packaging Institute (GPI) claims considerably higher recycling
rates for glass containers but has differences in calculation methodol-
ogy, including an allowance for reuse of refillable glass containers. The
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GPI reported a rate of 35.2% for 1997 (30.8% if refillables are re-
moved), compared to EPA’s 27.5% rate. The 1998 glass recycling rate
reported by the Glass Packaging Institute fell to 34.8%, 30.1% if the
allowance for refillables is removed.34

In the European Union, the average recycling rate for glass contain-
ers was about 58% in 1997.35 Recycling rates differ substantially from
country to country, as shown in Fig. 14.15.36

The primary market for recycled glass is use in the manufacture of
new glass containers. The average recycled content for glass contain-
ers in 1995 was 25.35%.37 Dividing the GPI’s total for purchased cullet

Figure 14.14 Glass container generation and recovery in
the U.S., 1997.2

Figure 14.15 Glass recycling rates in Europe, 1997.36
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by domestic production gives an estimate of 25.33% recycled content
for 1998.34 Successful use in manufacture of new containers requires
that the glass be free of contaminants, including glass of nonstandard
chemical composition, ceramics, stones, metal, and others. Crushed
glass, ready for recycling, is called cullet. Every one percent increase
in cullet use is reported to save 0.25% of the energy required to pro-
duce glass containers, primarily by lowering the required processing
temperature. Use of cullet also prolongs furnace life; it is estimated
that use of 50% cullet can double furnace life. Emissions of nitrogen
oxides, particulates, and other pollutants are also decreased, as is wa-
ter usage.38

One major issue in recycling glass is the need to separate glass of
different chemical compositions. Most packaging glass is soda-lime
glass, containing approximately 70% silicon oxide, 15% sodium oxide,
12% calcium oxide, 2% aluminum oxide, and 1% minor ingredients.
Glass used in non-packaging applications may have a considerably
different chemical makeup. Since the primary market for recycled
glass is containers, most recycling programs will not accept non-con-
tainer glass. A related issue is color. The color in glass is imparted
through the addition of small amounts of minerals, generally iron and
sulfur for amber (brown) glass, and chrome oxides for emerald (green)
glass. In 1996, glass containers in the U.S. MSW stream were 58%
flint, 33% amber, and 9% green.39 If colors are mixed together indis-
criminately, the resulting glass will have an undesirable greenish-
gray color, and even very small levels of colored glass can impart an
undesirable tint to clear (flint) glass, which makes up the majority of
production. Therefore, if recycled glass is to be used in containers, it is
necessary to pay careful attention to color separation. 

Most sorting of glass by color is done with unbroken containers, ei-
ther at the source by the consumer, during collection, or at a material
recovery facility (MRF). Even in MRFs, the most common sorting
method is hand-picking. For obvious reasons, broken containers
present a hazard, so containers that break before color sorting result
in, at best, a stream of low-quality mixed-color cullet, or at worst rep-
resent a disposal burden. Some studies have shown that it is common
for more than 50% of glass collected through commingled container
collection and processing at a MRF to be lost due to contamination and
color mixing.37 The broken glass can also contaminate other streams,
especially paper, adding to waste and quality problems. Technology to
automatically color-sort glass containers has been developed and is re-
portedly effective on broken glass as well as on intact containers. If
this technology comes into widespread use, it could be of significant
benefit. At present, however, broken glass is a major part of the waste
stream in many MRFs.
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There are non-packaging applications for cullet, some of which are
suitable for mixed color and even contaminated materials. At the high-
value end is production of fiberglass. California requires by law that
30% of the content of fiberglass be recycled glass containers. At the
low-value end, cullet can be substituted for some of the aggregate in a
variety of construction applications, such as concrete, road beds, pave-
ment (glasphalt), drainage medium, and backfill. Other applications
include use in sand blasting, manufacture of glass pellets and beads,
frictionators for lighting matches and similar applications, and deco-
rative uses such as manufacture of ceramic tiles, picture frames, cos-
tume jewelry, and household items.34

14.7 Paper Recycling

Recycled paper has long been an important source of material for pa-
per and paperboard packaging. In recent years, packaging, especially
the corrugated variety, has also become an important source of recy-
cled paper. Paper and paperboard account for the largest fraction of
municipal solid waste in the U.S., and also the largest component of
the material recovered from MSW (Figs. 14.4 and 14.16). Containers
and packaging account for about 47% of all the paper and paperboard

Figure 14.16 Materials recovered from municipal solid waste in the U.S.,
1997.2
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products in MSW and for over 60% of all the paper and paperboard re-
covered from MSW (Fig. 14.17).

14.7.1 Paper Recycling Rates

In 1996, the average recovery rate for paper and paperboard around
the world was 42%.40 Both the tonnage of paper and paperboard recy-
cled and the recycling rate have grown substantially in the U.S. in re-
cent years (Fig. 14.18), increasing more than 50% since 1990 for a
total of over 45 million tons in 1998, a recovery rate of 44.7%.41 Recov-
ery of corrugated boxes (old corrugated, OCC) accounts for the largest
fraction, followed by old newspapers (ONP) and mixed papers (Fig.
14.19). (It should be noted that, in calculating these statistics, the
American Forest and Paper Association defined “corrugated” to in-
clude Kraft grocery bags, multi-wall shipping sacks, and similar mate-

Figure 14.17 Paper and paperboard (a) in U.S. municipal solid
waste and (b) recovered from municipal solid waste, 1997.2
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rials in addition to corrugated boxes.) Canada has shown similar
growth in recycling, reaching a recovery rate of 45.1% in 1997, up from
19.6% in 1981 and 27.6% in 1990.42 Manufacture of containerboard is
the largest tonnage use for recovered paper in the U.S. (see Fig.
14.20).43 The term containerboard refers to both linerboard and me-
dium used in manufacture of corrugated board.

Many other countries around the world historically have had much
higher recycling rates than the United States and Canada. In general,
countries with abundant forest resources have relied less on recycling
than countries without such resources, as would be expected. The

Figure 14.18 Paper and paperboard recycling in the U.S.41

Figure 14.19 Paper and paperboard recycling in the U.S., by
category.41
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1997 paper recycling rate in Mexico was close to 50%.44 Recycling
rates for Canada and Japan are summarized in Fig. 14.21.21,42 Paper
recovery rates for 1995 for some other Asian countries are shown in
Fig. 14.22, and rates for some European countries are shown in Fig.
14.23. It should be noted that not all of this material is recycled;
rather, some is disposed by incineration with energy recovery.45 The

Figure 14.20 Uses for recycled paper and paperboard in the U.S., 1996.43

Figure 14.21 Paper and paperboard recycling rates in Japan and Canada.42,45
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recycling rates for European countries as a percentage of collected ma-
terial are shown in Fig. 14.24. Recently, the EU has considered impo-
sition of requirements for minimum recycled content in various paper
products. The paper industry has proposed voluntary agreements as
an alternative but, so far, they have not been accepted.46

Utilization rates for recycled fiber in the production of paper and pa-
perboard materials also vary significantly around the world. In the

Figure 14.22 Paper and paperboard recovery rates in Asia,
1996.40

Figure 14.23 Paper and paperboard recovery rates in Europe, 1998.46
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U.S., about 80% of all papermakers use some recovered fiber in manu-
facturing, with the average recycled content exceeding 37%, up from
25% in 1988.41 The historical trend in utilization is shown in Fig.
14.25. The largest category of use by U.S. paper and paperboard mills
is the manufacture of recycled corrugated (Fig. 14.26).49

In Canada, about 71% of the fiber used in papermaking comes from
recovered paper plus sawmill residues.42 Regional waste paper utiliza-

Figure 14.24 Paper and paperboard recycling as a fraction of recovery, Europe, 1998.46

Figure 14.25 Utilization of recovered fiber in U.S. paper and paper-
board mills.41
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tion rates for about 1995 are summarized in Fig. 14.27.48 Figure 14.28
shows the historical pattern in use of domestic and imported pulp and
waste paper in the U.K.49

Recycled paper, and paper and paperboard, are significant commod-
ities in international trade. Table 14.7 categorizes regions of the world
as net importers or exporters of recovered paper, pulp, and paper prod-
ucts. Of course, there are differences within regions as well as be-
tween regions. In North America, Canada imported about 45% of its

Figure 14.26 Products made from recovered fiber in U.S. paper and paperboard
mills, 1998.48

Figure 14.27 Regional recycled fiber utilization rates in paper-
making.49
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recovered paper in 1997, almost exclusively from the United States,
and exported about 75% of the paper and paperboard it produced,
mostly to the U.S.42 The U.S. exported 16% of the paper it recovered
for recycling in 1998, mostly to Canada and the Far East.41 In West-
ern Europe, Sweden, Austria, Spain, France, and Italy were importers
of recovered paper; Finland, Norway, Portugal, Ireland, Greece, Den-
mark, Belgium, the Netherlands, Germany, and the UK were net ex-
porters in 1997.43

TABLE 14.7 Net Importers and Exporters of Pulp and Paper43

Region Paper products Pulp Recovered paper

North America Export Export Export

Western Europe Export Import Export

Eastern Europe and Russia Export Export Import

Oceania and Africa Import Export

Latin America Import Export Import

Asia Import Import Import

Figure 14.28 Domestic and imported pulp and waste paper utilization in the
U.K.50

14Selke  Page 39  Wednesday, May 23, 2001  10:51 AM



14.40 Chapter 14

14.7.2 The Paper Recycling Process

Recycling of paper begins, of course, with collection. Collected mate-
rial may be further separated by grade at the source, at a MRF, or at
truckside, and it then is usually baled for transport. At the recycling
facility, the baled material is deposited in a hydropulper, which breaks
apart the bale and resuspends the fibers using a large tank containing
a blade that provides intense agitation. The removal of contaminants
starts at this point. A ragger hangs into the hydropulper to remove
long stringy objects such as baling wire. A junk remover removes
heavy materials. From the hydropulper, the suspended fibers pass
through a variety of cleaning mechanisms, typically including centrif-
ugal cleaners and various types of screening devices. Centrifugal
cleaners are designed to separate materials by density, removing frac-
tions that are either too light, such as plastic film, or too heavy, such
as staples and stones. Screens or filters are designed to separate mate-
rials by size, removing materials that are too small (such as small fi-
ber fragments and dirt) or too large, (such as large contaminants or
fiber bundles that have not been broken up sufficiently by the repulp-
ing action of the hydropulper and need to be recirculated). Systems
even exist that can separate the long fibers in corrugated originating
in the liners from the short fibers originating in the medium.

High-grade papers intended for applications where white paper is
desired must generally be de-inked to remove previous printing.
Newsprint intended for recycling into new newsprint must also be de-
inked. For corrugated boxes and for other recycled paper streams in-
tended for use in packaging paperboard, de-inking is not usually re-
quired. The predominant de-inking technology is flotation de-inking,
in which chemical treatment combined with generation of air bubbles
is used to remove the ink from the paper fibers and attach it to bub-
bles of air, which convey the ink to the top of the flotation cell, where it
is removed in the form of scum. The presence of clay in the cell facili-
tates the attachment of the ink to the bubbles. This has resulted, in
the U.S., in old magazines (OMG) changing from an undesirable mate-
rial to one that is typically in higher demand than is available. In
newspaper recycling, between 5 and 30% OMG is desired, with the re-
mainder ONP, depending on the mill technology. An 80/20 ratio of
ONP to OMG is about average.50

After processing, the recovered fiber is usually made into paper im-
mediately, either alone or mixed with virgin fibers, although it can
also be dewatered and baled for shipment to another paper manufac-
turer. The recycling process results in significant shortening and
weakening of the paper fibers. Consequently, the properties of paper
containing recycled fiber are generally somewhat inferior to equiva-
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lent paper made from virgin pulp. There is also significant loss of ma-
terial during the recycling and paper-making operation. A rule of
thumb is about 10% of the weight of recovered material delivered to
the papermaker for recycling will be lost if de-inking is not required. If
de-inking is involved, the loss may be about 30%.

The decrease in properties as a consequence of recycling, along with
other considerations, means that paper recycling is largely an open-
loop process, with a significant fraction of the recovered fiber going to
somewhat downgraded applications rather than back to the same use.
Typical applications of various types of recycled paper and paperboard
will be discussed in more detail in the following subsections.

14.7.3 Recycling of Packaging Paper and 
Paperboard

As mentioned, nearly half of all paper and paperboard found in U.S.
municipal solid waste originates in packaging, and more than half of
all the paper and paperboard recycled is packaging. Figure 14.29
shows the proportion of types of packaging paper and paperboard
found in the U.S. waste stream in 1997, and Fig. 14.30 shows the pro-
portion of packaging paper and paperboard recycled. As can be seen,
corrugated dominates recovery of paper-based packaging. In fact,
slightly over one-half of all paper materials recovered for recycling in
the U.S. fell into the general category of corrugated. The recycling rate
for corrugated (Fig. 14.31) is significantly higher than that for most
other paper or paperboard materials.

Most corrugated is collected for recycling through retail stores and
businesses, which receive large quantities of goods in corrugated

Figure 14.29 Packaging paper and paperboard in U.S. mu-
nicipal solid waste, 1997.2
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boxes. Some is collected from individuals through drop-off centers or
through curbside recycling. However, residential corrugated amounts
to only about 13% of all OCC available for recovery in the U.S. (Fig.
14.32).51 The recovery rate for OCC from manufacturing, retail, and
commercial facilities was 70–81% in 1995, compared to only about 5%
for residential OCC (Fig. 14.33).51 Corrugated generated by busi-

Figure 14.30 Recovery of packaging paper
and paperboard in the U.S., 1997.2

Figure 14.31 Recycling rates in the U.S. by category of paper materi-
als.41
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nesses is often baled on-site for economy in transporting the material.
The business may or may not receive payment from the recycler or
other collector for the material generated.

Corrugated is produced primarily from high-quality Kraft pulp,
which has excellent strength properties. Thus, even after recycling,
corrugated is a valuable source of fiber. The largest use of recycled cor-
rugated is back in the production of containerboard (defined as corru-
gated and related materials) as shown in Fig. 14.34, where it may be

Figure 14.32 Supply of old corrugated containers in
the U.S.52

Figure 14.33 Recovery rates for OCC in the U.S. by sector.452
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used alone or blended with virgin fiber. In 1999, over one-fifth of the
total industry capacity for linerboard manufacture was in facilities us-
ing 100% recycled fiber.47

Kraft bags, such as grocery sacks and multi-wall bags are, as men-
tioned, included in AFPA’s definition of corrugated. Kraft bags are of-
ten recycled along with corrugated, although their recovery rate is
considerably lower than that of corrugated boxes (Fig. 14.35). Recy-
cling of multi-wall bags is more complex, since many of these bags con-
tain additional materials such as plastic film to enhance strength and
barrier. This makes such bags undesirable in most corrugated recy-
cling programs.

Figure 14.34 Uses of OCC in the U.S.

Figure 14.35 Recycling rates for packaging paper and paperboard in U.S. mu-
nicipal solid waste, 1997.2
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Another undesirable material is corrugated boxes that have been
modified for added strength in humid conditions, such as by wax im-
pregnation, coating with plastic, or modification of the paper structure
through incorporation of thermosetting plastic resins. These materials
present problems in paper recycling operations, either through failing
to repulp properly, adding contaminants to the pulp, or both. Recently,
there have been efforts to press for coding of such boxes to help keep
them out of the recycling stream, while preventing desirable boxes
from being discarded because the generators were fearful that they
contained wax or other undesirable constituents. It has been esti-
mated that as much as 15% of non-waxed boxes generated in grocery
stores were not being recycled because they could not be distinguished
from waxed boxes.53

The U.S. corrugated industry produces about 1.5 million tons of
waxed boxes per year, about five percent of all corrugated boxes.54 A
voluntary coding system for wax-impregnated boxes that has been
adopted in North America involves marking them on the box flaps
with the word “wax” in English, Spanish, and French (WAX/CERA/
CIRE). A longer-term solution is the development of repulpable wax,
and considerable research is devoted to this end. Other research is di-
rected at developing recycling mill processes that can separate waxed
fibers from non-waxed fibers. Inland Paperboard and Packaging, Inc.,
of Indiana, and Thermo Black Clawson, of Ohio, have developed a spe-
cial recycling process for waxed boxes called Xtrax. The process uses
reverse screening along with other fiber cleaning techniques to reduce
the wax content in the material from over 30% initially to less than
1% in the end product. Average recycled OCC is reported to contain
about 3% wax, which is acceptable for most grades.55 The American
Forest and Paper Association maintains an online directory of waxed
corrugated recovery facilities on its web site, www.afandpa.org.

Wet-strength grades of paper, which incorporate thermoset resins,
can be repulped if they are properly identified and sorted by type.
However, few if any recycling opportunities are available for post-con-
sumer wet-strength materials.

Folding cartons and other paperboard packaging are recovered at
significantly lower rates than corrugated. Many of these materials are
manufactured from 100% recycled fiber. Thus, the overall quality of
the potentially recoverable fiber is lower than for corrugated, which
contains, on average, a substantial percentage of virgin fiber. In addi-
tion, because these materials are dispersed in households rather than
being concentrated in businesses, recovery is more expensive. Fewer
curbside and drop-off recycling programs accept these materials, com-
pared to programs accepting corrugated boxes, newspaper, and even
mixed paper “junk mail.”
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14.7.4 Newspaper and Magazine Recycling

Newspapers are the largest category of non-packaging paper and pa-
perboard found in municipal solid waste (Fig. 14.36) and also the larg-
est category of recovered non-packaging paper and paperboard (Fig.
14.37). In contrast to collection of corrugated, recycling of newsprint is
largely accomplished through collection from individuals, predomi-
nantly through curbside collection. Newsprint is a relatively low-qual-
ity paper, produced primarily through mechanical pulping rather than
through Kraft or other chemical pulping methods. (The American For-
est and Paper Association uses the term groundwood to refer both to
pulp produced by the old stone groundwood process and to that pro-
duced by the more modern thermal mechanical pulping, both of which
are classified as mechanical pulping processes.) These methods result
in a higher than average yield of pulp of lower than average quality.
Consequently, ONP is lower in quality than OCC and more limited in
use. U.S. recycling rates for newsprint are shown in Fig. 14.38.

The largest use of ONP is in the production of new newsprint, usu-
ally in a blend with virgin fiber (Fig. 14.39). As discussed in Sec.
14.1.3, a number of U.S. states have either mandatory requirements
for recycled content in newspapers or have reached voluntary agree-
ments with the newspaper industry, which has had a significant effect

Figure 14.36 Non-packaging paper and paperboard in U.S. municipal solid waste, 1997.2
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on utilization rates. In 1997, use of recycled fiber amounted to about
30% of newsprint production in North America. Many states are push-
ing for 40%, a goal that is not likely to be attained.51 In the U.K., the
proportion of waste paper used in newsprint reached 52.42% in 1998,
up from 47.43% in 1997. However, because of the effects of imports,

Figure 14.37 Recovery of non-packaging paper and
paperboard in the U.S., 1997.2

Figure 14.38 Recycling rates for non-packaging paper in the U.S.2,43,52
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the overall recycled content of newsprint consumed by UK newspapers
was only 46.54%.56 In 2000, the UK was considering legislation that
could impose a mandatory recycled content of 80% on newsprint.57

Newsprint insets are usually also manufactured from mechanical
pulp but often contain clay coating to enhance their printing surface.
These inserts are usually recycled right along with the newsprint. In
the U.S., in 1997, newsprint accounted for 81.2% of the total newspa-
per stream, with inserts making up the remainder. The recycling rate
for newsprint was 56.3%, and for groundwood inserts it was 47.4%.2

Magazine paper is primarily made from a high-quality grade of me-
chanical pulp (though some is made from chemical pulp) and contains
substantial amounts of clay coating to produce a glossy printing sur-
face. The clay coating, which actually consists of clay plus other min-
erals, may make up as much as 40% of the total weight of the sheet.58

As discussed in Sec. 14.7.2, this clay is now seen as an asset in de-ink-
ing, so magazines are in high demand, particularly by mills producing
recycled newsprint. Most magazines are collected through curbside
collection and drop-off programs, though there are also office recycling
programs for magazines.

The paper in telephone and similar directories is a low-quality
groundwood fiber, similar to newsprint. However, because of the bind-
ing and glue, it is not generally desirable to mix these materials with
newsprint for recycling. These materials tend to be generated in a
highly seasonal fashion, with large numbers of directories available
for recycling at the time that new directories are distributed, and the
number then falling to very low levels. Therefore, most of such materi-
als that are recycled are collected during seasonal campaigns as a
temporary addition to curbside, drop-off, or office paper recycling pro-
grams.

Figure 14.39 Uses of recycled newsprint in the
U.S.41

14Selke  Page 48  Wednesday, May 23, 2001  10:51 AM



Materials Recycling 14.49

14.7.5 Recycling of Printing and Writing 
Paper

The primary collection source of printing and writing paper for recy-
cling is office paper recycling programs. Many offices, in various sec-
tors of the U.S. economy, have a two-tiered collection system for paper:
one high-quality white paper stream and a lower-quality colored or
mixed paper stream. In some cases, newspapers make up a third recy-
cling stream, and occasionally the collection of magazines and tele-
phone directories may be added.

Office paper is predominantly made from high-grade chemical pulp,
so it can be suitable for uses for which Kraft paper and corrugated are
not appropriate, such as the manufacture of new high-grade paper,
providing the paper is properly sorted to remove undesirable materi-
als. Sorting typically begins with source separation. Often, the genera-
tors of office paper are asked.to put the highest-quality white paper
with no adhesives, groundwood paper, or other contaminants, into one
collection bin, and other types of paper with greater tolerance for con-
tamination in another. This stream, or in some cases a single mixed of-
fice paper stream, is sometimes further sorted in an MRF. However,
automated equipment to do this effectively has not yet been devel-
oped, so such sorting is labor intensive and expensive.

Other sources of high-grade paper for recycling include stationary,
books, reports, etc. In many cases, some materials in the category are
manufactured from high-grade chemical pulp, while others are man-
ufactured from lower-grade groundwood pulp. Often, the materials
are collected as part of a mixed paper recycling stream and are di-
verted to low-end uses. Some are collected as part of office paper recy-
cling programs, and others through curbside or drop-off programs.
For example, in the UK, the post office ran a collection program for
old Christmas cards, targeting children at elementary schools.59

Recycling rates for various high-grade papers are shown in Fig.
14.38, and typical uses for recycled printing and writing paper in Fig.
14.40. The average recycled content in printing and writing paper in
the U.S. was only about 6 to 7% in 1997, down from a high of about
10% earlier in the decade.60

14.7.6 Contamination Issues

Several different types of contamination are issues for the use of recy-
cled paper. The presence of inks, dyes, or pigments changes the ap-
pearance of recycled paper, generally in undesirable ways. Mixing of
fibers produced by mechanical pulping with fibers produced by chemi-
cal pulping is a concern where the better strength and permanence of
chemically pulped fibers is important. The presence of added materi-
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als such as waxes and adhesives can detract from the appearance and
from the strength of paper. Adhesives are a particular problem, since
they are so widely used with paper products. In general, pressure-sen-
sitive adhesives present more problems than other types. Efforts are
continuing to develop pressure-sensitive adhesives for applications
such as postage stamps and labels that are more compatible with recy-
cling systems.

14.8 Plastics Recycling

The origins of plastics in MSW in the U.S. are shown in Fig. 14.41.
Figure 14.42 describes the relative proportions of various plastic res-

Figure 14.40 Uses for recycled printing and
writing paper in the U.S., 1998.41

Figure 14.41 Plastics in U.S. municipal solid waste, by product
category, 1997.2
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ins found in MSW. The overall recycling rate for plastics is generally
considerably smaller than the rates for metal, glass, and paper. In
part, this is due to the shorter history of plastics recycling. It is also
due in part to the greater complexity in recycling plastics, since the
category contains a large variety of different materials, each with its
own characteristics. Since polymers are generally incompatible with
polymers of different chemical type, mixing plastics together indis-
criminately usually produces a material with very poor performance
characteristics. Thus, production of high-value products from recycled
plastics is intimately tied to the ability to separate materials by resin
type. Some markets exist for commingled recycled plastics, as will be
discussed in Sec. 14.8.13, but these are generally considerably lower
in value than the potential markets for single resin recycled materi-
als. Historical trends in recycling rates for plastics in MSW in the U.S.
and in Western Europe are shown in Fig. 14.43. The recycling rates
shown for plastics in Western Europe exclude incineration with en-
ergy recovery. If this option is included, recovery rates increase, rang-
ing from 20% in 1994 to 30% in 1998.61 In most countries, including
the U.S., recovery of energy is not classified as recycling.

Recycling rates are significantly higher for some plastic materials
than for others, and for some types of plastic products, as will be dis-
cussed in more detail in the following subsections. Many recycling pro-
grams for plastics focus on plastic containers, or even more narrowly
on plastic bottles. The American Plastics Council (APC) calculated the
1996 recycling rate for rigid plastic containers as 21.2%. The rate for

Figure 14.42 Plastics in U.S. municipal solid
waste, by resin, 1997.2
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1997 fell to 20.2%, although the tonnage of plastic collected for recy-
cling increased from 1.321 billion to 1.375 billion pounds. Use of virgin
plastic increased at a higher rate, from 6.221 billion to 6.800 billion
pounds during the same period. The APC reported the recycling rate
for plastic bottles as 23.5% in 1998, down from 23.7% in 1997 and
24.5% in 1996. The 1996 recycling rate for flexible plastic packaging
was only 2.8%.62,63

RECOUP reported that 7,000 tonnes of plastic bottles were collected
in the UK in 1997, a total of 140 million bottles. More than 1 in 3 local
solid waste authorities ran a plastic bottle recycling scheme, including
over 3,000 plastic bottle banks and nearly 2 million homes served by
curbside collection.64

In Germany, under the DSD Green Dot system, more than 5 million
metric tons of post-consumer plastic packaging was collected in 1995,
79% of the total amount of plastic packaging generated by households
and small businesses. Almost 90% of that came from curbside recy-
cling collection systems, with the remainder coming from drop-off sys-
tems at supermarkets, gas stations, and public buildings. Slightly less
than 55% of the collected material was recycled, with the remainder
used for energy recovery.65

How recycling rates are calculated is itself a source of controversy.
There have been charges in the past that surveys that ask recyclers
for data receive inflated figures and thus inflate recycling rates. Sur-
veying organizations take various steps to avoid this problem but can-

Figure 14.43 Plastics recycling rates in the U.S. and Western Eu-
rope.2,61
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not completely eliminate it. On the other hand, some organizations
that do recycling may be missed in the survey, thus decreasing recy-
cling rates. Even if the accuracy of the data could be guaranteed, a
more fundamental problem remains. What should be counted as being
recycled? The two fundamental options are (a) measuring the amount
of material collected for recycling or (b) measuring the amount of ma-
terial actually reused. Since 5 to 15% of collected material is lost dur-
ing processing of the material, mostly because it is some type of
contaminant such as paper labels, product residues, undesired types
of plastic, etc., there is a significant difference in recycling rates be-
tween the two approaches. The American Plastics Council (APC) is the
major source of information about plastics recycling rates in the U.S.
In 1997, APC switched from using the amount of cleaned material
ready for use to the amount of material collected for processing. Their
justification was that the latter method is more in keeping with the
way recycling rates are calculated for other materials. Especially since
this resulted in inflating recycling rates at a time when recycling
rates, if calculated by comparable measures, were declining, this move
brought considerable criticism. For instance, the PET bottle recycling
rate in 1997 was 27.1% if based on material collected but only 22.7%
based on clean material ready for reuse.66 Criticism of APC was fur-
ther heightened by their decision to restrict distribution of their an-
nual plastic recycling report to APC members. The Environmental
Defense Fund, in response, issued a report titled “Something to Hide:
The Sorry State of Plastics Recycling,” in which they used APC’s num-
bers to highlight the decline in plastic recycling rate that was evident
when 1996 data was compared to 1995 on the same basis. They also
noted that polystyrene food service items were deleted from APC’s def-
inition of plastic packaging, beginning in 1995—a move that further
shored up plastics recycling rates. EDF calculated that the recycling
rate for plastic packaging in 1996 was only 9.5% and would have been
only 8.5% if polystyrene food service items had been included.62

14.8.1 Processing of Plastics

Three major categories of recycling processes for plastics exist: me-
chanical recycling, chemical recycling, and thermal recycling.

Mechanical, or physical, recycling involves changing the size and
shape of the plastic materials, removing contaminants, blending in
additives if desired, and similar activities that change the appearance
of the recycled material but do not alter (at least not to a large extent)
its basic chemical structure. Common processing steps include grind-
ing, air classification to remove light contaminants, washing, gravity-
based separation of resins that are heavier than water from those that
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are lighter than water, screening, rinsing, drying, and often melting
and pelletization, perhaps with the addition of colorants, heat stabiliz-
ers, or other ingredients. Mechanical recycling is by far the most com-
mon type of plastics recycling.

Chemical recycling involves using chemical reactions to break down
the molecular structure of the plastic. The products of the reaction
then can be purified and used again to produce either the same or a re-
lated polymer. An example is the glycolysis process sometimes used to
recycle PET, in which the PET is broken down into monomers, crystal-
lized, and repolymerized. Condensation polymers such as PET, nylon,
and polyurethane are typically much more amenable to chemical recy-
cling than are addition polymers such as polyolefins, polystyrene, and
PVC. Most commercial processes for depolymerization and repolymer-
ization are restricted to a single polymer, usually PET, nylon 6, or
polyurethane.

Thermal recycling uses heat to break down the chemical structure
of the polymer. In pyrolysis, for example, the polymer (or mixture of
polymers) is subjected to high temperature in the absence of sufficient
oxygen for combustion, causing the polymer structure to break down.
Thermal recycling can be applied to all types of plastics, addition poly-
mers as well as condensation polymers. The typical yield is a complex
mixture of products, even when the feedstock is a single polymer
resin. If reasonably pure compounds can be recovered, products of
thermal recycling can be used as feedstock for new materials. When
the products are a complex mixture that is not easily separated, the
products are most often used as fuel. There are relatively few commer-
cial operations today that involve thermal recycling of plastics, though
research continues. Germany has the largest number of such facilities,
due to its requirements for recycling of plastics packaging. A consor-
tium of European plastic resin companies, the Plastics to Feedstock
Recycling Consortium, has a pilot plant for thermal recycling in
Grangemouth, Scotland, and hopes to use the technology in a full-
scale commercial plant by late 2000. The system uses fluidized bed
cracking to produce a waxlike material from mixed plastic waste. The
product, when mixed with naphtha, can be used as a raw material in a
cracker or refinery to produce feedstocks such as ethylene and propy-
lene.67

Sometimes, chemical and thermal recycling are, together, termed
feedstock recycling. Figure 14.44 shows the growth in mechanical and
feedstock recycling in Western Europe between 1994 and 1998.61

14.8.1.1 Separation and contamination issues. When plastics are col-
lected for recycling, they are virtually never in a pure homogeneous
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form. The collected materials will contain product residues, dirt, la-
bels, and other materials. Often, the material will contain more than
one base polymer and resins with a variety of additives, including col-
oring agents. Usefulness of the material is enhanced if it can be
cleaned and purified. Therefore, technologies for cleaning and separat-
ing the materials are an important part of most plastics recycling sys-
tems.

It is useful to differentiate between separation of plastics from non-
plastic contaminants, and separation of plastics of one type from those
of another type. Separation of plastics from non-plastics typically re-
lies on a variety of fairly conventional processing techniques. Typi-
cally, the plastic is granulated, sent through an air classifier to remove
light materials such as label fragments, washed with hot water and
detergent to remove product residues and remove or soften adhesives,
and screened to remove small heavy contaminants such as dirt. If nec-
essary, magnetic separation can be used to remove ferrous metals, and
techniques such as eddy current separators or electrostatic separators
can be used to remove other metals. Many of these techniques were
developed in the minerals processing industries and have been
adapted to use with plastics.

A particular concern for recycled plastics that are to be used in food
contact applications is the potential presence of materials that may be
dissolved in the recycled plastic and later migrate out into a product.
Special care is needed in design of recycling processes to ensure that
potentially hazardous substances do not migrate from recycled plastic
into food products in amounts that might adversely impact human

Figure 14.44 Mechanical and feedstock recycling in Eu-
rope.61
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health. Companies desiring to produce recycled resins suitable for food
contact generally challenge the process with known amounts of con-
taminant simulants and then determine whether the processing is
able to adequately remove the contaminants. The U.S. Food and Drug
Administration, while it does not formally approve recycled resins for
food contact, has issued “letters of nonobjection” to a few processes
that have demonstrated, to the satisfaction of the FDA, the ability to
reduce contamination levels below the “threshold of regulation” of
0.5 ppb dietary concentration, which the FDA regards as an accept-
able level of protection for most potential contaminants.68 Another ap-
proach that has been accepted by the FDA is to interpose a barrier
layer of virgin polymer between the recycled polymer and the food
product. The amount of barrier that is sufficient depends on the mass
transfer characteristics of the polymer and the intended use of the
resin, among other factors.

14.8.1.2 Sorting. Separation of different types of polymers from each
other is often a required or a desired part of plastics recycling pro-
cesses. Such separation procedures can be classified as macrosorting,
microsorting, or molecular sorting. Macrosorting refers to the sorting
of whole or nearly whole objects. Microsorting refers to sorting of
chipped or granulated plastics. Molecular sorting refers to sorting of
materials whose physical form has been wholly disrupted, such as by
dissolving the plastics.

Examples of macrosorting processes include separation of PVC bot-
tles from PET bottles, separation of polyester carpet from nylon car-
pet, and sorting of automobile components by resin type. Much of this
sorting is still done by hand, using people who pick materials off a con-
veyor belt and place them in the appropriate receptacle. However, a
lot of effort has gone into development of more mechanized means of
sorting to make this process both more economical and more reliable,
and the use of such mechanized systems is increasing.

Various devices are now commercially available to separate plastics
by resin type. They typically rely on differences in the absorption or
transmission of certain wavelengths of electromagnetic radiation.
Many of these systems can be used to separate plastics by color as well
as by resin type. For example, the process used at the plastics recovery
facility in Salem, Oregon, which was developed by Magnetic Separa-
tion Systems (MSS) of Nashville, Tennessee, sorts two to three bottles
per second, using four sensors and seven computers to separate plastic
bottles according to resin and color. X-ray transmission is used to de-
tect PVC, an infrared light high-density array to separate clear from
translucent or opaque plastics, a machine vision color sensor to iden-
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tify bottle color (ignoring the label), and a near-infrared spectrum de-
tector to identify resin type.69

Frankel Industries, of Edison, New Jersey, developed a system that
combines manual sorting with differences in optical dispersion and re-
fraction for separating PET and PVC from each other and from PETG
and polystyrene. In this system, a special light shines on containers on
a conveyor, and workers wear special goggles that give the different
resins a distinctive appearance.70

Particularly for recycling of appliances, carpet, and automobile plas-
tics, several companies have developed equipment to scan the plastic,
usually with infrared light, and compare its spectrum, using a com-
puter, to known types of plastic, resulting in identification of the plas-
tic resin. One such device is the Portasort, developed jointly by Ford
and the University of Southampton, Highfield, Southampton, U.K. It
compares the spectrum of the unknown plastic against a library of 200
or more different polymers. A larger version, called the PolyAna sys-
tem, can identify nearly 1000 different plastics, including blends and
fillers. The same group developed the Tribo-pen, which uses triboelec-
tric technology for plastics identification. This equipment, which has a
sensing device about the size of a small flashlight, was developed for
sorting automotive plastics. It comes in two basic types, the first to
identify nylon, polypropylene, ABS and polyacrylite, and the second
designed for more limited sorting, such as differentiating between PE
and PVC.71,72,73

The first step in microsorting is a size reduction process, like chip-
ping or grinding, to reduce the plastic articles to small pieces that will
then be separated by resin type and perhaps also by color. One of the
oldest examples is separation of high-density polyethylene base cups
from PET soft drink bottles using a sink-float tank. More modern sep-
aration processes, such as the use of hydrocyclones, also rely primarily
on differences in the density of the materials for the separation.

A number of other attributes have also been used as the basis for
microsorting systems, including differences in melting point and in
triboelectric behavior.74 In many of these systems, proper control over
the size of the plastic flakes is important in being able to reliably sepa-
rate the resins. Some systems rely on differences in grinding behavior
of the plastics combined with sieving or other size-based separation
mechanisms for sorting. Sometimes cryogenic grinding is used to facil-
itate grinding and to generate size differences.

Systems that use electromagnetic radiation are under development
and have had limited commercial application. SRC Vision, Inc., of
Medford, Oregon, has an optical-based technology, originally devel-
oped for sorting of foods, which is used primarily by large processors
for color-sorting single resins, such as in separating green from clear
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PET. Union Carbide has used an SRC Vision system to separate col-
ored HDPE flake into red, yellow, blue, green, black, and white prod-
uct streams. The full SRC system uses X-rays, ultraviolet light, visible
light, infrared light, reflectance, a monochromatic camera, and a color
camera that is reported to be able to separate 16 million colors of red,
green, and blue combinations.74,75 ESM International, Inc. of Hous-
ton, Texas, also has developed an optical-based system.74

A novel European process being used for separation of plastics from
durable goods separates the materials, including laminated struc-
tures, by blowing them apart at supersonic speeds. Various materials
deform differently, permitting the use of sieving and classifying based
on differences in size, geometry, specific gravity and ballistic behavior,
using fluid bed separators and other equipment.76 The Multi-Products
Recycling Facility operated by wTe Corporation is designed to recover
engineering plastics (as well as metals) from durable goods. It uses air
classifiers to remove light materials, including foam and fiber, and a
series of sink/float classifiers operating with water solutions at differ-
ent specific gravities to separate chipped plastics by density, as well as
using infrared technology to identify plastics before grinding.77 KHD
Humboldt Wedag AG in Cologne, Germany, has designed a system for
separation of plastics by density using centrifuges and water or salt
solutions. The intense turbulence in the centrifuges also helps clean
the flaked plastics, as well as dewatering them.78 Recovery Processes
International, of Salt Lake City, Utah, has a froth flotation system de-
signed to separate PET from PVC.74

Molecular sorting involves complete destruction of the physical
structure of the plastic article prior to separation of the resins. Such
systems typically use dissolution in solvents and reprecipitation, us-
ing either a single solvent at multiple temperatures or combinations of
solvents. Because of the use of organic solvents, and consequently the
need to control emissions and to recover the solvents, costs of such sys-
tems tend to be high. There is also a concern about residual solvent in
the recovered polymer and its tendency to leach into products. There
are, at present, no commercial systems using this approach.

Some research effort has focused on facilitating plastics separation
by incorporating chemical tracers into plastics, particularly packaging
materials, so that they can be more easily identified and separated.
One such effort, funded by the European Union, has resulted in a pilot
plant for separating PVC, PET, and HDPE bottles using fluorescent
trace compounds that have been incorporated into the bottles.79

14.8.2 Uses for Recycled Plastic

Recycled plastics are used in a variety of applications, including auto-
mobiles, housewares, packaging, and construction. More information
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about their uses is found in the sections on recycling of individual
types of plastics. Recycled materials, including plastics, also are an
important segment of world trade activities. For example, in 1995, re-
cycled plastic exports from the U.S. alone amounted to 652.8
million pounds, for a value of about $205 million. Most of these ex-
ports went to Hong Kong, and much of that material probably went on
to China.80 The Far East is also an important market for other coun-
tries.

14.8.3 Polyethylene Terephthalate (PET)

PET soft drink bottles were the first post-consumer plastic containers
to be recycled on a large scale. In the U.S., the existence of bottle de-
posit legislation caused large numbers of these containers to become
available in reasonably centralized locations, creating an opportunity
for the development of systems to take advantage of the value of this
material. One of the first companies to successfully develop systems
for recycling PET soft drink bottles was Wellman, which began pro-
cessing clear PET bottles in 1979 and is still the largest PET recycler
in the U.S. St. Jude was another early entrant into PET recycling, be-
ginning about the same time as Wellman but on a smaller scale, and
concentrating on the green bottles while Wellman concentrated on
clear bottles.81

PET beverage bottles are the largest single source of PET in munic-
ipal solid waste, and packaging accounts for more PET in MSW than
does either durable or nondurable goods, as shown in Figs. 14.45 and
14.46.

The existence of bottle deposit legislation continues to be an impor-
tant factor in PET recycling. It was estimated that, in 1997, 54% of the

Figure 14.45 PET in U.S. municipal solid waste, 1997.2
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PET soft drink bottles recycled came from bottle-bill states, while
these states accounted for only 29% of the population. Recycling rates
for soft drink bottles in deposit states range from 76 to 90%.82 It
should be noted that the low end represents California, which has a
bottle refund system rather than a true deposit. The monetary incen-
tive in California is lower than in true deposit states, and the refund
system is less convenient.

14.8.3.1 PET recycling rates. PET recycling in the U.S. grew rapidly
from its beginnings in 1979 but was confined almost exclusively to de-
posit states until the mid 1990s. When concerns about solid waste dis-
posal led to the creation of a large number of new recycling programs,
many of them providing curbside collection, many of these programs
included PET soft drink bottles and HDPE milk bottles in the mix of
materials they accepted for recycling. This significantly increased the
available amount of PET. At the same time, uses of PET bottles began
to expand significantly outside the soft drink bottle market. These
“custom” bottles began to be included as accepted materials, along
with the soft drink bottles. In the deposit states, where PET soft drink
bottles were not included in curbside collection programs because they
were collected through the deposit system, programs began to add
PET to the collected materials. The result was a significant increase in
both the amount of PET bottles potentially available for recycling and
the amount that was actually collected and recycled. During the late
1980s and early 1990s, both the overall tonnage of PET recycled and
the recycling rate continued to grow, with the soft drink bottle recy-
cling rate higher than the rate for custom bottles, and the rates for

Figure 14.46 PET in packaging in U.S., 1997.2
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bottles very much higher than the rates for other forms of PET (Figs
14.47 and 14.48).

During the mid-1990s, the growth in use of PET, both in packaging
applications and elsewhere, led a number of companies to invest in
new facilities for production of virgin PET worldwide. As these facili-
ties entered production, the supply of PET increased at a faster rate
than markets, and prices fell. Additionally, during start-up, these fa-
cilities produced large amounts of off-spec resin, which was sold at
very low prices. At the same time, in the U.S., there was a decrease in
legislative pressure to use recycled plastic, particularly in Florida and
California, and export markets decreased. The result, in mid-1996,
was a drastic fall in the price at which recycled PET could be sold.
Some PET recyclers shut down, because their costs for processing the

Figure 14.47 Trends in U.S. sources of recycled PET.2,43,52,83

Figure 14.48 PET soft drink bottle recycling rates.2,43,52
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material were higher than the price they could obtain for it. A few re-
cycling collection programs stopped accepting plastics. During this
same time period, there was increasing use of PET in small single-
serve beverage bottles, and it became evident that the willingness of
consumers to divert these containers for recycling was less, on aver-
age, than with the larger size bottles. Much of this probably is because
these bottles are more likely to be consumed away from home, where
they may be tossed into the trash instead of taken home to the recy-
cling bin. The result of this combination of factors in the U.S. was a
decrease in both the total tonnage of PET recycled and, of course, in
the recycling rate. Late 1997 brought a small increase in value of recy-
cled PET and other signs of recovery, but the rate remained below the
highs reached earlier in the decade (Fig. 14.49). The overall PET bot-
tle recycling rate, according to the APC, was 25.4% in 1997, down from
27.8% in 1996.82 In 1998, the tonnage of PET bottles recycled in-
creased by more than 9% to 710 million pounds, but the recycling rate
fell to 24.4%.63 In Europe, where PET recycling is driven by govern-
ment mandates, recycling rates and amounts continued to increase
during this period, despite the low prices.

In addition to recycling of PET bottles, there is some recycling of
PET strapping. In non-packaging applications, some PET photo-
graphic film, including X-ray film, is recycled. In that case, PET is ob-
tained as a by-product of silver recovery. Recovery of PET from
durable goods was estimated at 30,000 tons in 1997, 8.3% of the
amount discarded. Recovery of PET in nondurable goods was insignif-
icant. Recovery of PET soft drink bottles was 280,000 tons, 37.3%, and

Figure 14.49 Tonnage of PET recycled in U.S. by sector, 1997.2
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of other PET containers 50,000 tons, 10.4%. Recovery of other PET
packaging was negligible. Overall, 330,000 tons of PET packaging
were recovered, 24.3%; total recovery of PET from MSW was 360,000
tons, 18.9%.2

Because of differences in data and methodology, different sources
sometimes quote significantly different rates for PET recycling. The
American Plastics Council reported a PET soft drink bottle recycling
rate of 35.8% in 1997, down from 38.6% in 1996, and slightly lower
than the 37.3% rate in 1997 reported by the EPA. The National Associ-
ation for PET Container Resources (NAPCOR) calculated still lower
rates, 31.7% in 1996 and 27.1% in 1998.84

In an effort to increase recycling of PET, the National Association
for PET Container Resources (NAPCOR) is sponsoring the placement
of “Big Bin” collection containers in locations such as stadiums, conve-
nience stores, and amusement parks, in an effort to capture more of
the single-serving PET bottles that are consumed away from home.84 

14.8.3.2 Mechanical recycling of PET. Most PET is processed by me-
chanical recycling. In these systems, the PET is typically first color-
sorted to separate clear from green and other bottles, since the clear
PET has a higher value. Next, the PET is chipped, washed, and purified
in various ways so that a pure resin can be obtained. One of the major
issues is separation of PET from PVC. Because both are transparent
plastics, they are difficult to separate reliably by manual sorting. Fur-
thermore, their densities overlap, so they cannot be separated by con-
ventional float-sink methods. To complicate the matter, PVC may be
present in the recycled stream in the form of labels, or as inner liners in
caps, in addition to bottles. This presents major problems to recyclers,
since very small amounts of PVC contamination, e.g., 4 to 10 ppm, can
cause significant adverse effects on PET properties.81 At PET melt tem-
peratures, PVC decomposes, generating HCl, which can catalyze PET
decomposition, as well as leaving black specs in the recovered material.
Thus, both performance and appearance can be significantly damaged.

Another contamination issue stems from the adhesives that may be
used to attach labels or base cups. Often, not all of the adhesive resi-
due can be removed by washing. These residues can cause color
changes in the PET. Furthermore, the ethylene vinyl acetate can de-
compose, releasing acetic acid that, along with the rosin acids in some
adhesives, can catalyze PET decomposition. Thus, these contaminants
also can detract from both performance and appearance of the recy-
cled material.

PET is also sensitive to degradation from the additional heat history
and exposure to moisture during recycling. This commonly shows up
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as a decrease in intrinsic viscosity (IV). It is possible to subject the ma-
terial to solid-stating, much as is done in resin manufacture, to in-
crease the molecular weight (and consequently IV) back to the desired
level.

Physically recycled PET from certain operations that add additional
intensive cleaning steps, perhaps along with controls over the source
of the material, has been approved (in the form of a letter of nonobjec-
tion) by FDA for unrestricted food contact applications, either alone or
in a blend with virgin PET. The companies involved have released
very little information about the details of the cleaning procedures.
They are believed to involve intensive high-temperature washing
along with limitation of the incoming material to soft drink bottles
from deposit states, which are known to provide a cleaner recycled
stream than does curbside collection. Less intensively cleaned PET
has been approved for use as a buried inner layer in food packaging,
with virgin PET used as a barrier to prevent migration of contami-
nants from the recycled layer.

On the whole, recycled PET retains very good properties and can be
used for a variety of applications. Markets will be discussed further in
Sec. 14.8.3.4.

14.8.3.3 Chemical recycling of PET. Chemical recycling of PET de-
pends on chemical reactions that break down the PET into small mol-
ecules, which can then be used as chemical feedstocks, either for
repolymerizing PET or for manufacturing related polymers. Two pro-
cedures, glycolysis and methanolysis, are in commercial use. Both can
be used to produce PET that is essentially chemically identical to vir-
gin polymer, and have been approved for food contact use.85,86

The first of these processes to receive a “letter of nonobjection” from
the FDA, in 1991, was Goodyear’s glycolysis process (later sold to
Shell). Later that same year, Eastman Chemical and Hoechst-
Celanese received approval for their methanolysis processes. The glyc-
olysis processes typically produce partial depolymerization, which is
followed by purification and repolymerization. Methanolysis processes
provide full depolymerization, followed by purification by crystalliza-
tion, and repolymerization. Glycolysis cannot remove colorants and
certain impurities that can be removed by methanolysis. DuPont oper-
ated a methanolysis facility for recycling PET but discontinued the op-
eration for economic reasons.

14.8.3.4 Markets for recycled PET. Historically, the first large market
for recycled PET was in fiber applications, in particular polyester fi-
berfill for use in ski jackets, sleeping bags, pillows, and similar prod-
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ucts. While there are now many additional markets for recycled PET
bottles, fiber markets still dominate (Fig. 14.50). These fiber uses now
include substantial use in carpet and even in clothing. A contest held
by the Toronto-based Environment and Plastics Industry Council
(EPIC) featured wedding dresses made from recycled plastic, with the
average entry requiring 80 soft drink bottles to make. Half the polyes-
ter carpet manufactured in the U.S. now contains recycled PET.

Some PET is used in manufacture of new bottles. For a time, PET
soft drink bottles made from 25% repolymerized PET were being used
in parts of the U.S. However, the higher cost of the repolymerized
(chemically recycled) PET that was being used caused such applica-
tions to disappear when legislative and consumer pressure to use
packages with recycled content declined. In 1998, the GrassRoots Re-
cycling Network began a campaign asking consumers to mail empty
PET bottles back to the Coca Cola Co. in an effort to convince them to
use recycled resin in soft drink bottles, as well as urging a boycott of
Coke products until the company began using recycled PET.15 In early
2000, Coca Cola issued a press release stating that, in 1999, it began
using significant amounts of mechanically recycled PET in beverage
containers.14 The company had already been using recycled material
in some overseas markets such as Australia, New Zealand, Saudi Ara-
bia, and parts of Europe. 

Veryfine, headquartered in Westford, Massachusetts, is one of only a
few other U.S. users of recycled PET in food or beverage bottles. Very-
fine packages all their juice and juice drinks in bottles containing re-
cycled PET in a middle layer, surrounded by ethylene vinyl alcohol for
oxygen barrier and containing layers of virgin PET on the inner and
outer surfaces. Recycled PET makes up about 35% of the container.
Heinz USA uses essentially the same structure for ketchup bottles.87 

Figure 14.50 Markets for recycled PET in the
U.S., 1996.43
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In 1999 and 2000, Miller’s introduction in the U.S. of five-layer PET
beer bottles with two nylon barrier layers incited considerable concern
from recyclers and environmental groups, particularly since many of
the bottles are amber in color, and all used aluminum caps. In an-
nouncing the company’s decision to go to nationwide distribution of
the containers, Miller also committed to changing from aluminum to
plastic closures, modifying the labels for ease of recycling, and also to
using recycled content in the middle PET layer.88

Recycled PET is also found in thermoformed trays for uses such as
packaging eggs, fresh produce, and pastries. In these applications, pu-
rity standards are less stringent, since there is less tendency for mi-
gration of contaminants to the food product. In fact, egg cartons were
the earliest food-contact application for recycled PET, using essen-
tially the same grade of recyclate as non-food packaging applications.

The use of physically reprocessed PET in non-food containers is
more common than in food packaging. Up to 100% recycled PET can
be used, or the recycled material can be blended with virgin. For ex-
ample, Clorox uses about 50% post-consumer recycled PET in bottles
for its Pine-Sol cleaner, after having tried and abandoned use of 100%
recycled content due to processing problems.87 Most often, the recycled
material in these containers is blended with virgin, since this is less
costly than using multilayer technology.

Recycled PET is also used in sheet and strapping. For example, blis-
ter packages made with recycled PET have been used for products
ranging from pet supples to electronics to personal care products.
Physically recycled PET is sometimes used in a buried inner layer, in
either sheet or bottles, for food contact applications. It is also used ei-
ther alone or blended with virgin PET for a variety of non-food appli-
cations. PET films with recycled content are also available.

The automotive industry is increasing its use of recycled PET. Sev-
eral companies, including Lear-Donnelly, Johnson Controls, and
United Technologies, now manufacture headliners that incorporate re-
cycled soft drink bottles as an alternative to polyurethane. Eventually,
old headliners will be a source of recycled material.89

Use of the products of chemical recycling of PET in the production of
new PET resin has already been mentioned. In addition, the products
from chemical recycling can be used as a feedstock in manufacturing
of unsaturated polyesters, often for glass-fiber reinforced applications
such as bath tubs, shower stalls, and boat hulls. Unsaturated polyes-
ters have also found uses in polymer concrete. 

14.8.4 High-Density Polyethylene (HDPE)

Sources of high-density polyethylene (HDPE) in U.S. municipal solid
waste are shown in Fig. 14.51. As is the case for PET, packaging is the
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largest source of HDPE in MSW. The single largest type of HDPE pack-
aging (Fig. 14.52) is milk and water bottles, formed by blow molding
from unpigmented homopolymer HDPE with a fractional melt index.

Recycling of high-density polyethylene milk bottles has about as
long a history as recycling of PET soft drink bottles. For a long time,
HDPE recycling rates were very much lower than PET recycling rates,
but they have continued to increase in the late 1990s while PET recy-
cling rates were falling and, in 1998, the HDPE bottle recycling rate
exceeded the PET bottle recycling rate for the first time.

While deposit programs provided the impetus for soft drink bottle
recycling, no such programs existed for milk bottles. Therefore, milk
bottle recycling got its start with drop-off programs, relying on the
willingness of individuals to deliver the bottles for recycling. In the

Figure 14.51 HDPE in U.S. municipal solid
waste, 1997.2

Figure 14.52 HDPE in packaging in the U.S.,
1997.2

14Selke  Page 67  Wednesday, May 23, 2001  10:51 AM



14.68 Chapter 14

early years, the presence of paper labels on the bottles was a major
problem, since many recyclers did not have technology that could suc-
cessfully remove the paper. Many recycling programs requested that
participants remove the labels from the bottles, some even suggesting
placing a small amount of water in the bottles and heating them in a
microwave to soften the adhesive so the labels could be peeled off.
Such requests met with little success. In one of the early HDPE milk
bottle recycling programs in Grand Rapids, Michigan, an employee cut
out the label-bearing part of each bottle with a utility knife and dis-
carded it before feeding the rest of the bottle into the shredder. Such
solutions obviously entailed high labor costs, as well as loss of poten-
tially recyclable materials, and kept most HDPE milk bottle recycling
programs on the borderline of profitability, at best.

As technology developed to better handle this and other contamina-
tion issues, and as pressure to recycle plastics mounted, HDPE milk
bottle recycling expanded and many programs began to include non-
milk bottle HDPE containers. Now the majority of curbside and drop-
off collection programs for recyclables include blow-molded HDPE bot-
tles as one of the materials collected. The recycling rate for HDPE
milk and water bottles in the U.S. in 1997 was 31.3%, according to the
EPA. The recycling rate for other HDPE containers was 18.5%. Over-
all, the HDPE packaging recycling rate was 10.1%. In the durable
goods category, the HDPE recycling rate was 12.2%. There was no sig-
nificant recycling of HDPE from nondurable goods. The overall recy-
cling rate for HDPE in MSW was 9.1%.2 Figure 14.53 illustrates the
sources of recycled HDPE, and Fig. 14.54 shows trends in HDPE milk
bottle recovery. The American Plastics Council calculated that nearly
734 million pounds of HDPE bottles were recycled in 1998, for a rate
of 25.2%, up from 24.7% in 1997 and 24.4% in 1996.63,82

As can be seen, the majority of HDPE recycling in the U.S., as for
PET, is from bottles. There is some recovery of bags, sacks, and wraps,

Figure 14.53 Sources of recycled HDPE in the
U.S., 1997.2

14Selke  Page 68  Wednesday, May 23, 2001  10:51 AM



Materials Recycling 14.69

although this has declined considerably in the last several years. The
HDPE collected in this category is mostly merchandise sacks, usually
collected through drop-off bins located in retail stores that accept plas-
tic bags of all types. There is also some recycling of HDPE envelopes.
Recycling of HDPE base cups from PET bottles has largely disap-
peared with the phasing out of this style of container.

Collected HDPE is, typically, first sorted to separate the natural
(unpigmented) containers, which have higher value, from pigmented
containers. Separation is usually manual, although automated sys-
tems have been developed. It is also possible to further separate the
pigmented HDPE into various color categories, either automatically or
manually, but this is still relatively uncommon. Sorting out of the nat-
ural HDPE is often done prior to baling the materials for delivery to a
processor, though it can be done at a later stage. 

At the processor, the HDPE containers are typically shredded,
washed, and sent through either a float/sink tank or a hydrocyclone to
separate out heavy contaminants. Air classification may be employed
prior to the washing step as well. The clean materials are dried and
then usually pelletized in an extruder equipped with a melt filter to
remove any residual non-plastic contaminants. When mixed colors are
processed, the result is usually a grayish-green color, which is most of-
ten combined with a black color concentrate for use in producing black
products. Natural bottles are of more value, because they can be used
to produce products having a variety of colors.

Four major types of contamination are of concern in HDPE recy-
cling. The first is contaminants that add undesired color to a natural
HDPE stream. The primary source of this unwanted color is caps on
bottles. While nearly all recycling programs ask consumers to remove

Figure 14.54 HDPE milk bottle recycling in the
U.S.2,43,52
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the caps before placing the bottles in the collection system, a signifi-
cant number of bottles arrive with the caps still in place, and the caps
are usually brightly colored for marketing reasons. The majority of
these caps are polypropylene, with the next largest fraction polyethyl-
ene. Neither of these materials are removed in the normal HDPE recy-
cling systems. Thus, any caps that get into the recycled material
stream will remain and discolor the unpigmented resin. Typically,
amounts are low enough that mechanical properties of the material
are not adversely affected, but they are sufficient to impart a gray col-
oration to what would otherwise be white HDPE pellets. Recently, the
introduction of pigmented high-density polyethylene milk bottles has
concerned recyclers, who fear these materials will cut into the use of
the more profitable natural bottles. Pigmented HDPE resin typically
sells for only 60% of the price of natural HDPE.90

The second type of contamination that is of concern is the mixing of
injection molding (high melt flow) grades of HDPE with blow molding
(low melt flow) grades. The result can be a resin that does not have
flow properties desired for either of these types of processing, render-
ing it nearly unusable. The coding system for plastic bottles does not
differentiate between these two types of polyethylene, so it is difficult
to convey to consumers in any simple fashion which bottles are de-
sired (the extrusion blow molded ones) and which are not (the injec-
tion blow molded ones). Some collection programs attempt to instruct
consumers to place for collection the bottles “with a seam” and not the
ones that do not have this characteristic. Other programs ignore the
issue and simply accept the resulting contamination and its adverse
effects on properties. Fortunately, the vast majority of HDPE bottles,
particularly in larger sizes, are extrusion blow molded. A few years
ago, however, when extrusion blow molded base cups were introduced
as an alternative to injection molded base cups, some recyclers found
themselves with HDPE resins that they could not sell, because the
materials were not suitable for processing into new base cups or de-
sired for other applications, due to the mixing of the different grades
of resin.

A third significant contamination issue is the mixing of polypropy-
lene into the HDPE stream. The polypropylene arises primarily from
caps which, as discussed above, are included in the recycling stream
despite requests that consumers remove them. Some PP also arises
from fitments on detergent bottles and from inclusion of PP bottles
with HDPE bottles when materials are collected. The density-based
separation systems commonly employed in HDPE recycling do not
separate PP from HDPE, since both are lighter than water. Fortu-
nately, in most applications, a certain level of PP contamination can be
tolerated. However, particularly in the pigmented HDPE stream, lev-
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els of PP contamination are often sufficient to limit the amount of re-
cycled HDPE that can be used, forcing manufacturers to blend the
post-consumer materials with other scrap that is free of PP, or with
virgin (often off-grade) HDPE. Commercially viable systems for sepa-
rating PP from HDPE are, at least for the most part, not yet available.

The fourth type of contamination that is an issue is contamination
of the HDPE with chemical substances that may later migrate from
an HDPE container into the product. This is a more serious issue for
HDPE than for PET, for two reasons. First, the solubility of foreign
substances of many types is greater in HDPE than in PET. Therefore,
there is often more potential for migration. Second, the diffusivity of
many substances is greater in HDPE than in PET. Consequently, the
ability of substances to move through the HDPE and reach a con-
tained product is greater. The strategies for dealing with this potential
problem are essentially the same as for PET.

First, a combination of selection of materials and processing steps
can be used to minimize the contamination levels in the HDPE. The
FDA has issued letters of nonobjection for recycling systems for HDPE
that permit those material to be used in some food contact applica-
tions. The first company to obtain a letter of nonobjection from FDA
for such purposes was Union Carbide. Their technology was later sold
to Ecoplast, which also received a letter of nonobjection.91

Second, the recycled HDPE can be used in a multilayer structure
that provides a layer of virgin polymer as the product contact phase.
This approach was first used for laundry products when problems
were encountered with migration of odorous substances from recycled
plastic to the products. The inner layer of virgin polymer provided a
sufficient barrier to solve the problem. In these same applications,
problems were also encountered with the appearance of the bottle.
This was solved by incorporating a thin layer of virgin polymer on the
outside of the polymer to carry the pigment. One added benefit was
that this minimized the amount of (often expensive) pigment required
to achieve the desired marketing image. The layer of virgin polymer
on the inside of the container also provided an added benefit by reduc-
ing the tendency to environmental stress cracking in these containers.
Since the recycled layer being incorporated was most often homopoly-
mer HDPE from milk bottles, it did not have the stress crack resis-
tance of the copolymer HDPE typically used for detergents. Later,
with the development of better washing technology, it was found to be
possible to package such products in single-layer bottles formed from a
blend of virgin and recycled HDPE. Nonetheless, such three-layer bot-
tles, with the inner layer containing a combination of recycled milk
bottles and regrind from bottle manufacture, remain standard for
laundry detergents and similar products.
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There are a variety of markets for recycled HDPE bottles. In the
early days, the major market was agricultural drainage pipe. Today,
this market accounts for only about 18% of recycled HDPE, with con-
tainers the largest market, followed by pallets and plastic lumber (Fig.
14.55). Film, mostly merchandise sacks and trash bags, is also a sig-
nificant market.

Proctor & Gamble, which pioneered the use of three-layer bottles
with an inner layer of recycled HDPE between outer layers of virgin
material for its fabric softener and liquid detergent, is now the largest
user of recycled plastic in the U.S. P&G packaging typically contains
between 25 and 100% recycled HDPE, depending on product require-
ments. Clorox is another major user of recycled HDPE in bottles, as is
DowBrands.87 

DuPont uses 25% recycled HDPE in its Tyvek envelopes. The com-
pany also operates a program for recycling used envelopes. For small
users, the system involves selecting one envelope to be filled with
other used envelopes, and mailing them back to the company. For
large users, other systems can be put in place.92

14.8.5 Low-Density Polyethylene (LDPE)

Because of the similarity in properties and uses between low-density
polyethylene (LDPE) and linear low-density polyethylene (LLDPE),
and because they are often blended in a variety of applications, use
and recycling of LDPE and LLDPE are often both reported and carried
out together. Therefore, in the remainder of this discussion, we will
use the term low-density polyethylene, or LDPE, to refer to both LDPE
and LLDPE. About half of the LDPE found in municipal solid waste
comes from packaging. Another sizable fraction comes from nondura-
ble goods, especially trash bags (Fig. 14.56).

Figure 14.55 Markets for recycled HDPE
in the U.S., 1996.43
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Recycled LDPE comes from two main sources, stretch wrap and
merchandise bags. In contrast to PET and HDPE, curbside collection
does not play a significant role in LDPE recycling systems in the U.S.
Stretch wrap is collected primarily from warehouses, retailers, and
similar establishments where large quantities of goods arrive on pal-
lets, with the loads stabilized by use of stretch wrap. These materials
must be disposed of, so separating the stretch wrap and sending it for
recycling avoids the disposal costs that would otherwise be incurred.
In this way, recycling of stretch wrap is much like recycling of corru-
gated boxes. 

Merchandise sacks are collected primarily through drop-off loca-
tions. Many retailers maintain a bin or barrel near the front of the
store, where customers can bring plastic bags for recycling. The major-
ity of these bags are LDPE, though a significant amount of HDPE is
usually present as well. A few communities have experimented with
adding plastic bags to curbside collection programs, but this remains
very rare in the U.S. Most multimaterial drop-off facilities do not in-
clude plastic bags in the materials they accept, either. In recent years,
there appears to have been some decrease in the availability of mer-
chandise bag recycling. Some merchants have discontinued programs
because of contamination of the stream with undesired materials, un-
favorable economics, or for other reasons. Another source of recycled
LDPE is garment bags, collected from department stores in a similar
manner to collection of stretch wrap.

Recovery of LDPE and LLDPE bags, sacks, and wraps in the U.S. in
1997 was 100,000 tons, 4.1%, according to EPA. Recovery of LDPE in
other categories of packaging and in durable and nondurable goods
was negligible, for an overall recovery rate for LDPE of 1.9% (Fig.
14.57).2

Figure 14.56 LDPE and LLDPE in U.S. municipal solid
waste.2,43,52,83
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In Canada, the Plastic Film Manufacturers Association of Canada
and the Environment and Plastics Institute of Canada (EPIC) have
sponsored curbside recycling programs for plastic film of all types. In
1994, more than 100 communities in Ontario and 5 in Quebec were
participating.93 By 1996, the program had grown to 19 municipalities
in the Montreal area and 146 in Ontario.94 In 1998, EPIC published
“The Best Practices Guide for the Collection and Handling of Polyeth-
ylene Plastic Bags and Film in Municipal Curbside Recycling Pro-
grams.” This 27-page guide offers step-by-step instructions for “best
practices” for successful curbside recycling of plastic bags, intended for
use by Canadian municipalities that already have curbside film collec-
tion in place.95

Processing of film plastic is, in general, more difficult than processing
of containers. The lower bulk density of the film leads to difficulty in
handling the material. Contaminants such as paper from labels or from
sales slips left in plastic bags are also harder to remove. In processing
of containers, air separation is commonly employed to remove much of
the light material, mostly paper and film plastic, from the heavier con-
tainers. Obviously, this will not be successful if the feedstock is plastic
film. Historically, a significant fraction of the collected merchandise
bags have been shipped to the Far East, where low labor costs permit-
ted hand-sorting to be employed. For pallet stretch wrap, recyclers
have worked with product manufacturers, distributors, and retailers to
avoid contamination of the recovered wrap with paper labels.

A major market for recycled plastic film and bags is manufacture of
trash bags. Recycled plastic has also been used in the manufacture of
new bags, bubble wrap, plastic lumber, housewares, and other appli-
cations.

Figure 14.57 Recycled LDPE in the U.S.2,43,52,83
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14.8.6 Polyvinyl Chloride (PVC)

Polyvinyl chloride (PVC) in U.S. municipal solid waste originates most
often in nondurable goods, followed closely by durable goods and pack-
aging (Fig. 14.58). In addition, a substantial amount of PVC is found
in building and construction debris, which is not categorized as munic-
ipal solid waste. Materials found in this category include vinyl siding,
pipe, roofing, and floor tile among others. A substantial majority of vi-
nyl production goes into such long-term uses. According to the Vinyl
Institute, 13.3 billion pounds of vinyl were sold by the U.S. in 1996
while, according to EPA, only 1,230,000 tons, 2.4 billion pounds, en-
tered the municipal solid waste stream that year.43,96 Similarly, esti-
mates are that only about 18% of the 15 million metric tons of PVC
produced in Europe each year is used in packaging.97

The EPA reported negligible recycling of PVC from MSW in the U.S.
in 1997, with negligible defined as less than 5,000 tons.2 A study by
Principia Partners, funded by the Vinyl Institute and the Chlorine
Chemistry Council, reported about 18 million pounds of post-con-
sumer vinyl (of all types) recycled in the U.S. and Canada combined in
1997 (Fig. 14.59).98 Many of these materials, such as bottles, binders,
and medical products, would be considered part of the municipal solid
waste stream, while others, such as carpet, windows, and siding,
would not. The report states that the demand for rigid post-consumer
vinyl was smaller than the supply due to the low price for virgin vinyl
resin. Flexible materials were recovered primarily for their plasticizer
content, which is higher in value than the resin.

In Europe, where PVC has had wider use in packaging, particularly
in water bottles, PVC recycling has a longer history and has been
more successful. About half of the 4 billion PVC mineral water bottles
used in France each year are reported to be recycled, for example.96

Figure 14.58 PVC in U.S. municipal solid waste.2,43,52,83
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One of the issues facing PVC recycling is separation of PVC from a
stream of mixed plastics. This is particularly important in the U.S. for
PVC packaging, since PVC, where it is collected at all, is generally col-
lected in a program that targets all types of plastic bottles. Several
systems have been developed to automatically identify PVC, generally
by picking up the chlorine presence using some type of radiative sig-
nal. For example, the vinyl bottle sorter developed by ASOMA Instru-
ments uses X-ray fluorescence to detect the presence of chlorine.
Several such systems are commercially available, including those
made by National Recovery Technologies, ASOMA Instruments, and
Magnetic Separation Systems.96 A number of efforts have been made
to permit separation of PVC from other plastics after chipping or
grinding, but there are apparently no such systems in full commercial
use at present.

In the U.S., there was an effort in the early 1990s, much of it spear-
headed by the Vinyl Institute, to establish recycling for PVC packag-
ing. None of these efforts were very successful in substantially
increasing the PVC recycling rate and, in recent years, there appears
to have been a decline in the availability of recycling. During 1998,
there was substantial criticism of PVC recycling efforts, in particular
those of the Vinyl Institute, by the Association for Post-consumer Plas-
tic Recyclers (APR). APR requested assistance from the Vinyl Institute
in 1996, when PVC markets began to dry up significantly and many of
their members were faced with landfilling recovered PVC bottles due
to lack of markets.99 The APR, in 1998, raised the issue publicly again,
as they were not pleased with the Vinyl Institute’s response to their

Figure 14.59 Post-consumer recycled PVC in North America, 1997.98
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problems.100 The recycling rate for PVC bottles fell to 0.1% in 1997,
from 2% in 1996, after Occidental Chemical Corp. ended their subsidi-
zation of a program to buy back PVC bottles.

Use of PVC in packaging is declining in some areas, due in part to
competition from PET, which can provide similar properties of clarity,
strength, and rigidity. PET has a better environmental image than
PVC, and recent declines in PET prices have increased its economic
competitiveness. In some cases, some of the new very clear polypropy-
lene bottles are being chosen as an alternative to PVC as well. In
1998, three Japanese firms announced that they will discontinue all
use of PVC containers, switching to PET and PP. The firms are facing
a government requirement for recycling their packaging beginning in
April 2000.101

Recycling of vinyl siding and other pre-consumer scrap, on the other
hand, may have better success. A number of pilot projects have been
carried out for recycling of vinyl siding, mostly focusing on scrap from
building construction or remodeling, and often with financial support
from the Vinyl Institute. As a result of a pilot project in Grand Rapids,
Michigan, recycling of vinyl siding waste is included in the “Residen-
tial Construction Waste Management: A Builders’ Field Guide,” which
was funded by the EPA.102 Among the most high profile of these pilot
projects are those involving Habitat for Humanity, which builds hous-
ing for low-income families. The Vinyl Institute and other PVC-related
industry organizations have donated money and materials to some of
these projects in addition to supporting recycling efforts for the vinyl
scrap generated during construction. 

Polymer Reclaim and Exchange, in Burlington, North Carolina, recy-
cles about 300,000 pounds per month of vinyl siding from construction
debris. Drop-off sites are located at landfills and near manufacturers of
mobile and manufactured homes, and material is collected from as far
as 500 miles away. The collected materials are cleaned and flaked and
then sold to molders, extruders, and compounders.103

In addition to vinyl siding, recycling efforts for building-related PVC
wastes have focused on window profiles, carpet backing, pipe, and au-
tomotive scrap. The Vinyl Institute estimates that about 300 million
pounds of pre-consumer vinyl scrap is recycled each year in the U.S.,
far exceeding the 9.5 million pounds of post-consumer vinyl. It further
estimates that recycling of post-industrial vinyl of all types amounts
to over 500 million pounds annually in North America.96 In France,
the Autovinyle recycling program for PVC automotive scrap recycled
1,740 metric tons of PVC in its first year of operation, 1997–1998. Its
goal was 5,000 metric tons by the end of 1999.104

Several firms recycle PVC (as well as PE) wire and cable insulation,
primarily from the telecommunications industry. A primary focus is
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the recovery of the copper and aluminum wire and cable, with the
plastic insulation being recovered as a by-product. Since the recovered
plastic typically contains small amounts of metal, it is suitable only
for applications where high purity is not required. Uses include truck
mud flaps, flower pots, traffic stops, and reflective bibs for construc-
tion workers. Most of the wire and cable originate in phone and busi-
ness equipment wiring that is being replaced by fiber optic cable.105

Some recycling of PVC intravenous bags from hospitals is going on.
One participating hospital is Beth Israel Medical Center in New York
City, which is one of the pioneers in hospital recycling.106

A number of uses are possible for recycled PVC, depending on its
source and purity. Most often, the recycled material is blended with
virgin PVC. Applications include packaging, both bottles and blister
packages; siding; pipe; floor tiles; and many others. Rhovyl, a French
clothing manufacturer, is producing sweaters from post-consumer
PVC mineral water bottles, combined with wool in a 70/20% vinyl/wool
blend. Collins & Aikman Floorcoverings uses discarded carpeting for
parking stops and industrial flooring. Crane Plastics uses scrap from
vinyl windows and siding to make retaining walls and bulkheads. In
the United Kingdom, IBM has achieved closed-loop recycling of PVC
monitor housings into 100% recycled content PVC computer keyboard
backs. Philip Environmental, in Hamilton, Ontario, Canada, is recy-
cling about 125 million pounds per year of wire and cable scrap into
products such as sound-deadening panels for cars, truck mud flaps,
and floor mats. Conigliaro Industries of Massachusetts recycles
500,000 pounds per year of post-consumer PVC medical plastics, along
with roofing membrane and other PVC scrap, into checkbook covers,
plastic binders, and other products.96 In India, PVC shoes are often re-
cycled into new PVC shoes.107 

14.8.7 Polystyrene (PS)

Slightly more than half of the polystyrene (PS) in municipal solid
waste originates in packaging materials (Fig. 14.60). Nondurable
goods, particularly plastic plates and cups, are the next largest cate-
gory. As was true for PVC, a substantial amount of PS is used in the
building and construction industry, mostly for insulation materials.

According to the U.S. EPA, recovery of PS in 1997 from durable and
nondurable goods was negligible. Recovery from packaging materials
totaled about 10,000 tons, for a packaging recycling rate of 10.0% and
an overall recycling rate for PS in MSW of 0.5%. The Polystyrene
Packaging Council reported a total of 54 million pounds of polystyrene
recycled in the U.S. in 1996, with 10 million pounds of food service
polystyrene, 23 million pounds of transport and protective packaging,
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and 21 million pounds of other non-packaging polystyrene applica-
tions including audio and video cassettes, CD jewel cases, insulation
board, and other products.108

During the mid to late 1980s, PS was under attack on a variety of
fronts, including ozone depletion and litter as well as the perception
that it contributed a great deal to solid waste problems. In response,
eight polystyrene resin suppliers formed the National Polystyrene Re-
cycling Company (NPRC, later named the Polystyrene Recycling Com-
pany of America) in 1989 to concentrate on recycling of food-service
polystyrene. Plans were to operate six plants around the U.S. to recy-
cle these materials, with a goal of achieving a 25% recycling rate by
1995. High levels of contamination with food wastes and an inability
to operate profitably plagued the facilities. In 1990, a highly publi-
cized decision by McDonalds, which had instituted pilot recycling pro-
grams in several of its facilities, to abandon the PS clamshells and
discontinue PS recycling dealt a further blow to recycling of food-ser-
vice PS. By 1997, the NPRC was down to two facilities, one located in
Chicago and the other in Corona, California, and to five PS resin com-
pany owners, and it had lost money through almost all of its his-
tory.108,109 The economic woes were attributed in part to a worldwide
oversupply of virgin general purpose polystyrene, which had driven
down prices. With virgin resin selling at $0.40 to 0.50 per pound, recy-
cled resin was selling for $0.38 to 0.45 per pound. Since it cost $0.10 to
$0.50 per pound to sort, clean, and remanufacture the recycled poly-
styrene, depending on its quality and cleanliness, it was difficult for
recycled PS to compete with virgin. Processing costs for food-service
PS tend to be at the high end of this range, so the Polystyrene Packag-
ing Council stated that it was not economical to recycle at that
time.108 In the U.S., collection of food-service PS focused on large gen-
erators of material, such as school, office, and other institutional cafe-

Figure 14.60 PS in U.S. municipal solid waste.2,43,52,83
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terias. Little attempt was made to collect PS at curbside, where
collection costs would be even higher. Drop-off facilities for PS were
initiated, often located at retailers where they were coupled with drop-
offs for merchandise bags, but many were discontinued. In Ontario,
Canada, however, PS is included in about 20% of curbside collection
programs.110 According to the Canadian Polystyrene Recycling Associ-
ation, more than a million households in Ontario and Manitoba were
expected to recycle polystyrene in their blue box curbside programs in
2000.111

Recycling of PS from non-food-service applications has been more
successful than that from food-service ones. PS recycling from audio
and video cassettes, CD jewel cases, and insulation board increased al-
most 70% between 1994 and 1996.108 Another source of recycled poly-
styrene is clothing hangers used by department stores.112

Recycling of EPS protective foam packaging has also been consider-
ably more effective than the recycling of food-service PS. The Alliance
of Foam Packaging Recyclers was formed in 1991 to promote recycling
of protective foam forms and peanuts. In 2000, they reported more
than 200 collection locations for such materials, in the U.S. and Can-
ada.113 AFPR has also worked with members to provide recycling op-
portunities for those without direct access to a PS recycling facility,
sometimes by arranging for prepaid UPS shipment of cushioning ma-
terials back to the manufacturer. Reuse is also part of the strategy for
dealing with EPS protective foam. Some molded cushions are reused
by manufacturers. Molded shapes are collected for reuse, among other
places, at a network of Mail Boxes Etc. facilities.

The 1998 recycling rate for EPS protective foam was 9.0% in the
U.S., up from 7.4% in 1997 (Fig. 14.61). AFPR attributes the increase
mostly to receipt of more accurate information from certain recyclers

Figure 14.61 Recycling of EPS protective cushioning in the
U.S.2113
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along with improved methodology for calculating the amount of EPS
protective packaging produced annually. About 55% of the EPS pack-
aging recycled was made into new packaging.113

AFPR also reports that nearly 30% of all loose fill EPS is reused. For
mailing services, the reuse rate is as high as 50%. Source reduction ac-
tivities are also significant. AFPR says that the amount of polystyrene
source reduced in 1994 amounted to an energy savings equivalent to
recycling 24% of the polystyrene packaging and disposables produced
in that year.114

End uses for recycled PS vary. For cushioning materials, the most
frequent use is back into cushioning materials. Other applications in-
clude products such as bean bag filler, and construction applications
such as ceiling texture. Studies of recycled cushioning showed that
25% recycled content EPS (more in some cases) can be used without
adversely affecting cushion performance. In one study, foam contain-
ing 25% recycled content actually outperformed virgin EPS.115 Insula-
tion board containing recycled PS is also available. However, Amoco
Foam Products, which had sold such material since 1991, discontin-
ued use of recycled PS in insulation in 1997, stating that recycled PS
was more expensive than virgin resin, and buyers were not willing to
pay more for the recycled product.116 Other applications for recycled
PS include other types of packaging, housewares, and durable goods
such as cameras and video cassette casings.

EPS recycling also occurs around the world. In many countries,
however, recovery for combustion as fuel is included in the reported
rates. In Japan, the Japan Expanded Polystyrene Recycling Associa-
tion reported a recycling rate of 33.2% in 1995, 107.8 million pounds,
which were recycled into pellets, soil improvers, and fuel.117 In 1999,
the recycling rate reached 33.2% (Fig. 14.62).45 The recycling rate in

Figure 14.62 Recovery of EPS in Japan (includes en-
ergy recovery).45
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Korea was reported to be 21% in 1994. Taiwan has government regu-
lations that require recycling of polystyrene, and the country reported
a rate of over 56%, 8.6 million pounds, in 1995.117 Australia has pro-
grams for recycling of EPS boxes for fruit and vegetables, with a re-
ported collection rate of 2.2 million pounds, 10% of all boxes, in
1996.118

In the United Kingdom, recycling of polystyrene packaging has in-
creased faster than most forecasts, from 11.8% in 1993 to 28% in 1996,
for a total of 6,000 tonnes. Forecasts for mechanical recycling of EPS
by 2010 are now set at 35 to 40%, 16,600 tonnes. The faster than ex-
pected growth was attributed to more rapid than anticipated growth
in virgin EPS markets, along with advances in technology that en-
abled recyclers to handle contaminated EPS material such as fish
boxes and horticultural trays. End uses include EPS foam cushioning
materials, non-foam applications such as CD and video cases, and ex-
truded EPS applications such as hardwood and slate replacements. In
addition to mechanical recycling, recovered EPS is used as a fuel for
energy generation.119

One of the problems faced by recyclers of foamed PS, the kind most
commonly used, is the very low bulk density of the materials. Com-
paction and baling are commonly employed to increase the bulk den-
sity, but the material is still expensive to ship for long distances.
Recently, several companies have focused their efforts on transform-
ing the PS foam into a gel, with a much higher density, to improve the
transport economics. This method also can allow removal of contami-
nants by filtering the liquid material. One such company, Interna-
tional Foam Solutions, Inc., of Delray, Florida, has developed STYRO
SOLVE, a citrus-based biodegradable solvent for EPS foam and other
PS products. The gel is diluted after it is received at the processing fa-
cility so that it can be filtered. Resource Recovery Technologies, lo-
cated near Philadelphia, PA, uses a nonflammable chemical solvent to
dissolve the PS and separate it from contaminants. The solvent is re-
covered for reuse.120

The most common recycling of non-packaging, non-foam PS is recy-
cling of disposable camera bodies. The recovered camera bodies are
ground, mixed with virgin resin, and used in the production of new
disposable cameras. The internal frame and chassis of the cameras,
which are also polystyrene, are recovered intact and reused in new
cameras.121 Eastman Kodak reported in 1996 that 77% of its dispos-
able cameras were being recycled under a program in which photofin-
ishers are reimbursed for returning the cameras.122

Polystyrene can also been recovered from appliances. Philips, in
Hamburg, Germany, studied recycling of non-flame-retardant PS from
TV sets, using the recovered material to injection mold equipment
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housings, and concluded that there was no significant reduction in the
properties of the recovered material.123

It is possible to use chemical methods to depolymerize PS into
monomer, which could then be used for making new polystyrene. Some
years ago, the Toyo Dynam company in Japan developed a prototype
system in which polystyrene foam was ground and then sprayed with
styrene monomer to dissolve the PS and separate it from contami-
nants, including other plastics and food scraps. The resultant solution
was cracked and vaporized in a heated reflux vessel.124

14.8.8 Polypropylene (PP)

While packaging is the major source of polypropylene (PP) in munici-
pal solid waste (Fig. 14.63), durable goods are the primary source of
recycled polypropylene (Fig. 14.64). Much of this material comes from

Figure 14.63 PP in U.S. municipal solid waste.2,43,52,83

Figure 14.64 PP recycling in the U.S.2,43,52,83

14Selke  Page 83  Wednesday, May 23, 2001  10:51 AM



14.84 Chapter 14

recycling of polypropylene automotive battery cases. Due to concerns
about the effect of lead emissions from disposal of such batteries,
many states have prohibited their disposal in landfills or by incinera-
tion, and several states have instituted deposits to help ensure that
batteries are collected for recycling rather than going to disposal, as
was discussed in Sec. 14.5. The recovery of the polypropylene is a side
benefit of lead recycling, which is the driver for battery recycling. PP
makes up about seven percent of the battery, by weight. The largest
market for the recovered material is, blended with virgin PP, new bat-
tery cases. The Battery Council International reported a 1996 recy-
cling rate for lead-acid batteries of 96.5%.125 The recovery of PP from
battery cases was at about the same rate, since it is a routine part of
battery reprocessing.

Recycling of PP from durable goods, most of which were battery
cases, was 100,000 tons in 1997. No recovery of PP from nondurable
goods was reported. Recycling of PP from packaging was about 20,000
tons, all from the “other plastics packaging” EPA category. Recovery of
PP from containers was listed as negligible (under 5,000 tons), and no
recycling of PP from the bags, sacks, and wraps category was reported.
The total PP packaging recycling rate was 2.1%, and the overall recy-
cling rate for PP in MSW was 4.3%.2

Recycling of PP battery cases also takes place outside the U.S. Ger-
many began such recycling in 1984, yielding about 3,000 tonnes per
year of polypropylene. The process involves crushing the batteries and
then separating the light fraction, which is predominantly PP, from
the heavy fraction, containing lead and other components. The light
fraction, which is about 97% PP, is further size reduced, dried, and
sent through a cyclone separator, which increases its purity to 99.5%.
The resulting material is compounded to user specifications and then
pelletized.126

Polypropylene can also be recovered from appliances. A recycling
plant in Frankfurt reports recovery of about a third of the weight of
discarded coffee machines as polypropylene, with greater than 99%
purity and excellent property retention.123

Polypropylene spools and wheel counters in disposable cameras are
removed when the returned cameras are disassembled, and used
again in new cameras.121 Polypropylene hangers from department
stores are also sometimes recycled.92

Some recycling of polypropylene packaging is carried out, most often
targeting bottles collected as part of an “all plastic bottle” collection
system. Recycled resin from collected containers has been used in soap
bottles.127 

Packaging uses of PP are approximately evenly divided between
film, container, and closure applications. Little deliberate recycling of
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PP film or closures is done. However, PP closures and fitments are
sometimes inadvertently recycled with HDPE containers, where they
are an undesired contaminant. Since both PP and HDPE have densi-
ties lower than water, the gravity-based systems (float/sink tanks or
hydrocyclones) commonly used to separate HDPE from other plastics
do not separate out PP. Currently, there are no commercially available
systems for separating HDPE from PP once the materials are chipped
or ground. While the presence of a small amount of PP contamination
does not result in significant performance problems, larger amounts
do make the recycled resin unsuitable for some uses or require it to be
blended with other resin to dilute the PP.

One use of polypropylene by industry is for the production of dye
tubes, which carry yarn as it passes through the dye process. These
dye tubes can be used only once, because the textile dye penetrates the
polypropylene. At least one company, Wellmark Inc. of Asheboro,
North Carolina, is recycling these tubes. First, residual scrap yarn is
removed, and then the tubes are separated by type of polypropylene
and granulated. Air separation is used to remove paper labels and
other contaminants. The resulting PP is used in injection molding pro-
cesses. Wellmark recycles 3,500 tons of scrap tubes per year. Because
of the high volume of the hollow tubes, the company estimates that
the annual amount of tubes they process is enough to fill five football
fields stacked 10 ft high.128

14.8.9 Nylon

Nylon recycling has increased substantially in the last several years.
Most recycling efforts have focused on recovery of carpet. According to
the U.S. Department of Energy, about 3.5 billion pounds of waste car-
pet are discarded each year in the U.S., with about 30% of them made
from nylon 6. (For more on carpet recycling, see Sec. 14.8.16.) Recy-
cling systems for condensation polymers such as nylon and PET can
more effectively use chemical depolymerization techniques than can
systems for addition polymers such as polyolefins and PVC. Most of
the efforts directed at nylon recycling have taken this route.

The U.S. Department of Energy provided support to AlliedSignal, as
well as carrying out research at the National Renewable Energy Labo-
ratory, for the development of a process for chemical conversion of ny-
lon 6 to caprolactam, which could then be repolymerized to nylon 6 for
a variety of applications.129,130 The economics of this process were par-
ticularly promising. A commercial-size plant recycling 100 million
pounds of waste carpet could produce high-grade caprolactam for
about 15 to 20 cents per pound, while caprolactam from virgin materi-
als currently sells for 90 cents to $1 per pound.130
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Several companies are now engaged in commercial recycling of ny-
lon 6 carpet. BASF Corp. collects only its own nylon 6 carpet, depoly-
merizes and purifies it, and then uses it in the manufacture of new
carpet.131 In 1999, Evergreen Nylon Recycling LLC, a joint venture
between AlliedSignal and DSM Chemicals North America, opened a
new facility to recycle more than 200 million pounds of nylon carpet
each year. The process involves depolymerization of the nylon to ca-
prolactam, which is then repolymerized and used for a variety of ap-
plications, including carpet and engineering plastics for automobiles.
In addition to permitting closed-loop recycling, at full capacity, the fa-
cility saves 4.9 trillion BTUs each year compared with conventional
caprolactam production. Evergreen Recycling has also developed a la-
ser device for resin identification to facilitate the sorting of nylon from
other types of products. The company plans to adapt its process in the
near future to recycle nylon automobile parts as well.132,133

DuPont is recycling mineral-reinforced nylon 66 carpet, including
that generated by Ford Motor Co., and containing 25% post consumer
recycled content, to manufacture engine air cleaner housings. A pro-
prietary process is used to reclaim the face fiber, which is melt-recy-
cled and compounded with virgin nylon.134 

An exception to the general method of using depolymerization for
carpet is the Lear Corp. system for recycling scrap carpet pieces. Rela-
tively clean scrap carpet made from nylon 6, nylon 6/6, and other res-
ins is baled and then pelletized, producing a black-colored resin that
they hope to sell to automobile manufacturers for nonvisible applica-
tions such as acoustical parts and the backs of floor mats. The plant is
currently recycling more than 1 million pounds of scrap per year.88

Recycling of nylon 6 is not limited to carpets and automobile parts.
Toray, a Japanese company, in 1995 began recycling apparel made
from nylon 6 by depolymerization and repolymerization.135 Used U.S.
Postal Service nylon mailbags that are not repairable are being recy-
cled into pellets that are used, among other applications, for automo-
bile parts.136

An unusual recycling system is that of Preserve brand toothbrushes,
manufactured by Recycline, Inc., of Somerville, Massachusetts. Buy-
ers of the toothbrushes, which have handles made from a blend of re-
cycled and virgin polypropylene, and nylon bristles, can send the
brushes back to the company in a postage-paid return envelope. The
brushes are then recycled into plastic lumber, with the claim that the
blend of PP and nylon actually strengthens the lumber.137

14.8.10 Polyurethane (PU)

Polyurethane recycling, like that for nylon, has often taken a chemical
approach. This is particularly important to polyurethane, since most
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of its applications are for cross-linked material that cannot, therefore,
be melted and reformed. The first North American facility for chemical
recycling of molded polyurethanes opened in September, 1997, in De-
troit, Michigan. The 10 million pound per year facility is owned and
operated by BASF Corporation and Philip Services Corp. While tar-
geted first at automotive waste streams, it could eventually include
appliances and construction materials as well as recreational products
such as bowling balls and pins. The facility uses BASF’s patented gly-
colysis process to chemically reduce PU to polyol, which can be used
like a virgin polyol, combined with isocyanate to produce polyurethane
products. Various types of PU can be mixed together in the process, in-
cluding polyurethane paint on polyurethane parts. BASF will use the
recovered polyol for manufacture of new polyurethanes for use in au-
tomotive, construction, and other applications.138

ICI Polyurethanes is working on development of a split-phase glyco-
lysis chemical recycling technology for polyurethane and plans to
build a full-scale plant in Britain to recycle polyurethane foam from
mattresses, furniture, and automotive seat cushioning.139

Other approaches to recycling polyurethane have focused on chop-
ping up the flexible varieties and using them as filler in new polyure-
thane products. Rebonded seat foam materials have been studied for
use in floor carpet underlayment in vehicles and found to be compara-
ble to currently used materials.140

Bayer Corp. of Pittsburgh, through its Hennecke Machinery divi-
sion, along with the German company Greiner Schaumstofftechnik,
has developed a process for producing molded parts from scrap poly-
urethane foam. The foam is shredded to flakes and then mixed with a
prepolymer adhesive. The mixture is filled into molds using a system
that precisely and individually meters the amount fed into each mold
to allow all molds to fill completely. It is reported that at least one Eu-
ropean company is using the system commercially. Another process
developed by Hennecke grinds polyurethane foam cuttings into a fine
powder, 2 micron size, which is then added to the polyol in quantities
up to 30% during polyurethane production.141

14.8.11 Polycarbonate (PC)

Some recycling of polycarbonate from products such as automobile
bumpers, compact discs, computer housings, and telephones is being
carried out. General Electric began buying back polycarbonate from
five-gallon water bottles several years ago and tried for a considerable
amount of time to introduce its idea of a cascade of uses for polycar-
bonate, beginning with reusable packaging and ending in various
product applications such as automobile parts. GE also initiated a pi-
lot buyback recycling program in 1995 for polycarbonate scrap and
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other resins generated by its customers, including recovered PC parts
from used automobiles, if they were manufactured from GE resins.142

Bayer, in Leverkusen, Germany, in 1995 built Europe’s first polycar-
bonate CD recycling facility. The PC is separated from aluminum coat-
ings, protective layers, and imprinting, and the pulverized material is
combined with virgin resin and sold for various uses.143

Polycarbonate winding levers and outer covers on disposable cam-
eras are recovered intact during processing of the cameras and reused
in new cameras.121

14.8.12 Acrylonitrile/Butadiene/Styrene 
Copolymers (ABS)

Recycling of ABS is primarily focused on appliances. British Telecom-
munications plc recovers and recycles about 2.5 million telephones ev-
ery year. About 300,000 are refurbished for reuse, and the remainder
are recycled. The recovered ABS from the telephone housing is typi-
cally used in molded products such as printer ribbon cassettes and car
wheel trims.144 Similarly, AT&T Bell Laboratories recovers ABS phone
housings and recycles them primarily into mounting panels for busi-
ness telephone systems.145 GE Specialty Chemicals recycles ABS from
refrigerator liners.146

Hewlett-Packard recycles computer equipment using some of the re-
covered ABS in manufacture of printers, blended with virgin ABS. The
recycled content in the printer cases is reported to be at least 25%.147

HM Gesellschaft für Wertstoff-Recycling recovers ABS from vacuum
cleaners, reporting recovery of more than 25% of the weight as ABS
with better than 99% purity and properties comparable to those of im-
pact-resistant polystyrene.123

Blends of ABS and polycarbonate (PC) are also recycled, with the
usual source again being used appliances. Siemens Nixdorf Informa-
tionsysteme (SNI) in Munich, Germany, recycles a variety of equip-
ment made by the company, such as computers and peripherals and
automatic teller machines. Customers are charged a fee for the repro-
cessing. Much of the recovered material, which is manually disassem-
bled and resin type identified by molded-in markings or by IR
spectroscopy, is PC/ABS blends, which are ground and shipped to
Bayer AG in Leverkusen, Germany, where they are blended with vir-
gin resin and used by SNI to mold equipment housings.123

14.8.13 Commingled Plastics and Plastic 
Lumber

In some cases, separation of collected plastics by resin type is either
not feasible with current technology or is economically unattractive.
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For such streams, use of the plastics in a commingled form may be
preferable. A number of applications have been developed for commin-
gled plastics. Many fall in the general category of plastic lumber, while
others are replacements for concrete or other materials. Some of these
processes are also able to handle substantial concentrations of non-
plastic contaminants, reducing the need for cleaning the collected ma-
terial. Some plastic lumber products use single-resin recycled plastics
or single-resin plastics combined with fillers or reinforcers.

Most processes for recycling of commingled plastics depend on a pre-
dominance of polyolefin in the mix to serve as a matrix, within which
the other components are dispersed. One of the early processes was
the Mitsubishi Reverzer, developed in Japan. This process used a
short-time high-temperature high-shear machine that could handle
up to 50% filler. The plastics were first softened in a hopper and then
mixed in an extruder. Products were formed in a variety of shapes by
flow molding, extrusion, or compression molding. However, the equip-
ment was never successfully marketed.148 

The Klobbie process, developed in the Netherlands in the 1970s,
consisted of an extruder coupled to several long linear molds mounted
on a rotating turret. The molds were filled directly from the extruder,
without any extrusion nozzle or filter pack, and then rotated into a
tank of cooling water. After solidification, the products were removed
using air pressure. This process is often called an intrusion process,
since it is a cross between injection molding and extrusion. Klobbie
also patented the use of foaming agents in the equipment.148 The
Klobbie process is the father of several commercial extrusion pro-
cesses in use today. Like the Reverzer, these processes can generally
incorporate substantial amounts of non-plastic contaminants, which
tend to migrate toward the middle of the thick cross-section items be-
ing produced.

Another early process was the Recycloplast process, developed in
Germany, in which materials are heated in a “plastificator,” using
kneading to produce a paste. The paste is then extruded into roll-
shaped loaves, which are either immediately compression-molded or
granulated for further use. The British Regal Converter system is an-
other compression molding process, in which commingled plastics are
granulated, distributed on a steel belt, melted in an oven, and then
compacted into a continuous board.148

The ET/1 system developed by Advanced Recycling Technology of
Brakel, Belgium, is a more modern variant of the Klobbie process,
which has been used by a number of operations in several different
countries. The feed must contain a minimum of 50 to 60% polyolefin.
The short, high-speed adiabatic screw extruder melts the polyolefin
and fills molds up to 12 ft long, mounted on a revolving turret that is
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cooled in a water bath. Products formed are in the plastic lumber cate-
gory. Properties of lumber formed from mixed plastic bottles can be
improved by adding 10 to 30% recycled polystyrene.148

The Superwood Process, developed in Ireland by Superwood Interna-
tional, is another Klobbie variant in which fillers or blowing agents are
commonly added to vary the product properties. Hammer’s Plastic Recy-
cling in Iowa developed another Klobbie variant in which closed molds,
a heated nozzle, and a screen pack are used to increase molding pres-
sure.148,149 Other processes include those of WormserKunststoffe Recy-
cling GmbH in Germany and C. A. Greiner and Sohne in Austria.148

Electrolux, in Stockholm, Sweden, is reportedly using 40 to 80%
commingled recycled plastics from sources such as used telephones,
car parts, and other appliances in the manufacture of vacuum cleaner
housings. The company is also moving toward closed-loop reuse of in-
plant scrap in future product designs.150

Tipco Industries Ltd, in Bombay, India, produces Tipwood, a com-
posite material from mixed plastic waste and 20% filler, for use as a
wood substitute for applications such as pallets, benches, fencing, and
road markers.151

Hettinga Technologies of Des Moines, Iowa, has used commingled
plastics to make injection molded panels, using a controlled-density
molding process that accommodates a range of plastics. The panels
are reported to have a thin, smooth outer skin around an integral core
that is foamed in situ. Costs are reported to be about 60% of the cost of
plywood, for panels that handle like pine, hold nails and screws like
hardwood, and resist rot and mildew. The process involves incorporat-
ing a dissolved blowing agent into the mold, which expands the part
once it is removed from the mold.152

The Plastic Lumber Trade Association, PLTA, was formed in the
mid 1990s to promote the growth of recycled plastic lumber. One of the
concerns of the PLTA and other interested parties was the diversity of
properties of “plastic lumber” produced from different mixes of materi-
als by different processes. As a result, the American Society of Testing
and Materials (ASTM) began developing standards for the material.
In late 1997, ASTM issued five new test methods for plastic lumber,
intended to help establish a benchmark for minimum plastic lumber
performance. The standards include tests for compressive properties,
flexural properties, bulk density and specific gravity, compressive and
flexural creep and creep-rupture, and tests for performance of me-
chanical fasteners.153 Two additional test methods have subsequently
been developed, and several additional ones are expected to be re-
leased by the end of 2000.154

Plastic lumber is used for fencing, decks, benches, picnic tables, and
other applications as an alternative to wood lumber. The plastic prod-
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ucts generally are more expensive to purchase than wood but have a
considerably longer life. Furthermore, they do not need to be painted
or varnished. Since wood products in these applications generally are
made of treated lumber, interest in them is expected to grow as con-
cern about the environmental effects of the compounds used to treat
the lumber increases. Some plastic lumber products are used in appli-
cations such as parking stops and machinery bases, where they re-
place concrete. While not all such applications use commingled
recycled plastics, many do. Some use single-resin recycled plastics,
usually HDPE or LDPE, while others use virgin plastic. In some cases,
composites of plastic (virgin or recycled) are used with fibrous rein-
forcements, usually wood or glass fiber. The fibers may be recycled ma-
terial as well.

Another application of plastics lumber is in pallets. A number of de-
signs have emerged, most using high-density polyethylene, and some
using fibrous reinforcements or steel inserts. Recently, researchers at
Battelle developed a pallet made from recycled plastic, including both
HDPE and commingled plastics, that can hold up to 10 tons. It is in-
tended to replace wood and steel for storing 55 gallon drums of haz-
ardous and radioactive materials. In these applications, the plastic
pallets are less likely to absorb contaminants and easier to clean than
wood and metal alternatives.155

Most recently, plastic lumber has broken into two potentially large-
scale applications: plastic railroad ties and bridges. Plastic rail ties
have been used for some time in Japan, where wood is scarce, but
these ties are made from virgin foamed polyurethane with a continu-
ous glass fiber reinforcement. The ties now being tested in the U.S. are
made from recycled plastics, which are pre-dimpled to sit better on the
rocks used as ballast in the rail lines and have the same size and ap-
pearance as traditional wood ties.156 One of the first commercial pur-
chases of plastic lumber railroad ties in the U.S. was by the Chicago
Transit Authority, which purchased 250 ties for its elevated train
line.157

The U.S. Army Corps of Engineers used 13,000 pounds of commin-
gled recycled plastics to build a bridge at Fort Leonard Wood in St.
Robert, Missouri. The bridge is primarily used for pedestrian traffic
but can hold up to 30 tons, allowing it to also support light trucks. The
Army expects the bridge to last 50 years without maintenance—signif-
icantly longer than the 15 years for treated wood or 5 years for un-
treated wood. Even the joists are made of plastic, opening the door to
structural applications that once were considered unsuitable for plas-
tic lumber. The material used for the joists is a polystyrene-modified
lumber, formed from recycled post-consumer polystyrene foam along
with recycled high-density polyethylene, which was produced by Poly-
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wood Inc. of South Plainfield, New Jersey. It has a modulus 2.5 times
that of conventional plastic lumber and therefore can withstand
higher loading. The deck planks were produced by Plastic Lumber Co.
of Akron, Ohio, and the railing by Hammer’s Plastic Recycling Corp. of
Iowa Falls, Iowa, and Renew Plastics Inc. of Luxemburg, Wisconsin.
One unique property of the plastic lumber is that it melts around
screws when they are driven into the boards. When the plastic cools, it
hardens around the screw, locking it into place and ensuring a long-
lasting bond.158

Research on composite materials made of wood fiber or flour or re-
covered paper fiber, along with recycled plastics, has been ongoing in
several localities for a number of years. Investigators include CSIRO
and the Cooperative Research Centre for Polymers in Australia, the
University of Toronto and University of Quebec in Canada, the Forest
Products Research Laboratory and the Risk Reduction Engineering
Laboratory in Cincinnati, and Michigan State University, among oth-
ers. Polymers used include low- and high-density polyethylene,
polypropylene, polystyrene, and PVC, along with commingled plastics.
For example, the USDA Forest Products Laboratory has studied the
use of recovered paper fiber with a mix of PP, LDPE, HDPE, and PVC.
This mix has been investigated by a plastic lumber manufacturer for
use as a core layer in plastic lumber for pallets.159 Boise Cascade is re-
searching the use of plastic film, recovered from residents in the Seat-
tle area, and wood waste to make a composite that they intend as a
replacement for virgin wood material in building construction.160

On a commercial scale, Advanced Environmental Recycling Technol-
ogies Inc. (AERT) of Rogers, Arkansas, for several years has been pro-
ducing window frames from a composite of recycled polyethylene film
and wood fiber.161 Atma Plastics Pvt. Ltd., of Chandigarh, India, pro-
duces a recycled PE/PP/wood composite for use as a wood substitute or
as a filler in cast polyester for furniture.151 Natural Fiber Composites
Inc. of Baraboo, Wisconsin, has commercialized a pelletized wood fi-
ber-filled plastic, using recovered paper or wood fibers along with PP,
HDPE, or PS.162,163 Comptrusion Corp., of Richmond Hill, Ontario,
makes polyethylene wood flour composites and is working on a PVC/
wood composite. Formtech Enterprises Inc. of Stow, Ohio, manufac-
tures a PVC wood-fiber composite.164 Whether these materials use re-
cycled plastic was not clear. Mikron Industries is manufacturing a
wood-plastic composite for window frames that is based on an undis-
closed mixture of plastics, and that uses material that otherwise
would be headed for landfill disposal.165

While many processes for using commingled plastics look at collec-
tion of bottles from curbside as the primary source of materials, they
frequently combine these materials with industrial waste stream plas-
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tics, including coextruded scrap and other examples of multi-resin,
perhaps contaminated, materials. Other companies focus entirely on
these types of waste streams. For example, Northern Telecom Ltd,
based in Toronto, has a recycling facility for plastic reclaimed from
wire and cable, along with materials from phone, fax, business ma-
chine, and pager equipment. The material, which contains small
amounts of residual copper and aluminum, is used for truck mud
flaps, flower pots, traffic stops, reflective bibs for construction workers,
and other applications where high purity is not required.166

14.8.14 Compatibilization of Commingled 
Plastics

As discussed above, one approach to the use of commingled plastics is
to use them in wood-substitute and similar applications where the in-
compatibility between the various ingredients of the mix does not
present severe problems. A different approach is to compatibilize the
resins in some way, hence improving the performance characteristics
of the blend. The compatibilization can be done by the way the blend is
processed, perhaps including some degree of control over the resins in
the mix or by additives.

Northwestern University has developed a process they refer to as
solid-state shear extrusion pulverization. In this process, a twin-screw
extruder is used to convert mixed plastics and scrap rubber into a uni-
form fine powder, which can then be used in a variety of products.167

Manas Laminations, of New Delhi, India, has developed compatibi-
lizers that enable PET/PE waste streams to be processed into useful
products, including flooring, office partitions, corrugated roofing, and
slates for benches.151

A number of other companies are also marketing or developing com-
patibilizing additives. For example, Dexco Polymers, of Houston,
Texas, sells a line of styrenic block copolymers that can enhance prop-
erties of mixed streams of polyolefins. BASF is developing compatibi-
lizers for mixtures of polystyrene with polyethylene or polypropylene,
and for mixtures of ABS with polypropylene. DuPont sells compatibi-
lizers based on maleic anhydride-grafted polyolefins for compatibiliza-
tion of mixed polyolefins.146

14.8.15 Automotive Plastics Recycling

The automotive industry is under pressure, in various countries, to
make automobiles more recyclable and to use more recycled materials
in automobile manufacture.168 For example, European Union regula-
tions require that only 5% of automobiles, by weight, be landfilled be-

14Selke  Page 93  Wednesday, May 23, 2001  10:51 AM



14.94 Chapter 14

ginning in 2015. Many countries are incorporating, either by
regulation or voluntarily, the philosophy of extended product responsi-
bility on automobile manufacturers. With the increasing use of plas-
tics in automobiles, this has forced attention to the problem of
recycling these automotive plastics.

While some recycling of auto parts has been covered in the sections
on recycling of individual plastic resins, it is also useful to look at au-
tomotive plastics recycling in a more unified way. Recycling of automo-
biles has a very long history, but most of the effort in the past has
focused on recovery of metals, and steel in particular. The plastics in
cars remained in the “auto shredder residue” or fluff and have rou-
tinely been destined for disposal rather than recycling. Recycling of
rubber, both from tires and from car parts, is an important part of au-
tomotive recycling efforts, and is discussed in Sec. 14.9.

Recovery of plastics from fluff, which contains a variety of plastic
and non-plastic components, has not been achieved commercially.
Much as recovery of plastics from household waste is more successful
when the targeted materials are diverted from the garbage rather
than trying to separate them out from a mixed waste stream, recy-
cling of plastics from automobiles is easier when parts are disassem-
bled than when the whole car is ground up. However, in the case of
automobiles, even separating functional units such as bumpers or
dashboards does not always result in a single type of plastic, since
many of these components use a combination of materials. Further-
more, the cost of disassembly is significantly higher than the cost of
processing the auto body in the usual way. Automobile manufacturers
are engaged in design changes to simplify the recovery of car parts for
recycling. Efforts include improving the ease of removal of automobile
subassemblies, reducing the number of different resins used in auto
parts, and ensuring that compatible resins are used in parts where
multiple resins are necessary, so that they need not be separated for
recycling. Design of hand-held systems to reliably identify resin types
is an important adjunct to these efforts. While newer cars have plastic
parts with molded-in resin identification, most cars being scrapped
now were manufactured before those systems were in place.

Automakers have made substantial strides in use of parts contain-
ing recycled plastic in building of automobiles. As mentioned previ-
ously, recycled nylon is being used in air-cleaner housing as well as in
fan assemblies and other automotive parts.169 Recycled ABS and poly-
ester/polycarbonate alloys are being used for brackets to hold radio
antennae, splash shields, and small under-the-hood parts.170 Recycled
polyurethane is being used in reaction injection molded bumper fas-
cias.171 Recycled polycarbonate/polybutylene terephthalate bumpers
are being incorporated into new bumpers.172 Thermoplastic olefin
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(TPO) bumpers are being recycled into bumper fascias, splash shields,
air dams, and claddings.172 Recycled polypropylene is used in power-
train applications, fender liners, air conditioning evaporative hous-
ings, vents, and other applications.169,172,173 Recycled PET is being
used in a variety of parts, including headliners and engine cov-
ers.173,174 Recycled polycarbonate has found use in instrument panel
covers.172 Other examples can be found, and recycled plastics are also
being used in packaging for parts used in manufacturing automobiles.
Cost remains a key issue for the automobile industry, with most man-
ufacturers insisting that parts made from recycled material deliver
comparable performance at no more cost than virgin materials.

14.8.16 Carpet Recycling

In the past several years, interest in recycling of carpeting has grown
substantially. Most efforts have focused on commercial carpeting. It is
estimated that about 1.7 million tons of waste carpet are landfilled in
the U.S. each year, most of it during construction or remodeling of office
space. Carpet is typically formed by bonding a face fiber onto a backing
fiber, most commonly using a styrene-butadiene adhesive that incorpo-
rates fillers such as calcium carbonate. The face fibers are generally ny-
lon, polypropylene, polyester, wool, or acrylic. The backing is usually
polypropylene, PVC, nylon, or jute. In addition to the complexity of the
structures themselves, used carpet is generally heavily contaminated
with dirt, staples, food, and other materials.175 Many efforts to recycle
carpeting have focused on nylon carpet, which makes up about two-
thirds of the face fiber market, and particularly on nylon 6 because of
the ease of chemical depolymerization of this material (see Sec. 14.8.9).
The next most commonly used face fiber is polypropylene.175

One company, Interface Flooring Systems, of LaGrange, Georgia,
has embraced the producer responsibility concept by leasing rather
than selling its carpet, retaining responsibility for carpet care and ul-
timate disposal. The company works with Custom Cryogenic Grinding
Corp., of Simcoe, Ontario, to process the returned carpet using a cryo-
genic grinding process to make the carpet brittle, facilitating its sepa-
ration into nylon face fibers and PVC backing.175

Monsanto will recycle all types of carpeting that its customers re-
place with Monsanto nylon carpet. Nylon carpet face fiber, latex, and
backing are recycled into thermoplastic pellets, which are reused in-
dustrially. The company is also exploring opportunities for reuse of
carpet in fuel recovery systems as well as for respinning post-con-
sumer nylon carpet face fiber.176

In Minnesota, more than 60 businesses, along with government
groups and the University of Minnesota, participate in the Minnesota
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CA-RE (carpet recycling) Program. Some of the collected material is
used by resin and fiber companies, and some is used by United Recy-
cling, a subsidiary of Environmental Technologies USA, to make “grey
felt,” which is used for padding installed under commercial floor cover-
ings as well as for sound insulation in automobiles.177

Collins & Aikman Floorcoverings, of Dalton, Georgia, uses vinyl-
backed carpet to make solid commingled plastic products such as car
stops and highway sound-wall barriers. They are now using up to 75%
reclaimed carpet materials to make a nylon-reinforced backing for
new carpet for modular tile products.175

DuPont is investigating the use of ammonolysis to depolymerize
mixed nylon 6 and nylon 6/6 from used carpet. The company is also us-
ing reclaimed fiberized material from nylon carpet to make nylon
building products for use in wet environments such as kitchens and
bathrooms.175

Researchers in Georgia are investigating an unconventional use of
carpet fibers, incorporating them into the surface of unpaved roads to
improve road performance.178

To simplify the task of carpet material identification, the Carpet and
Rug Institute has developed a seven-part universal coding system
whereby a code on the carpet backing can be used to describe the com-
ponents of the carpet, including facing, backing, adhesive, and fillers.
As of 1997, it was estimated that 85% of the carpet now being made in
the U.S. uses this code. However, the average 10-year life span of car-
pet means that, for the next several years, most carpet entering the
recycling stream will not be so labeled.175 Thus, as for automobile
parts, equipment for identifying carpet materials will continue to be
needed.

14.8.17 Other Plastics

While the major types of plastics recycling have been addressed, a va-
riety of other types of plastics are being recycled, often on a small-
scale or experimental basis. For example, Arco Chemical Co. has a
process for recycling glass-reinforced styrene maleic anhydride from
industrial scrap.179 The University of Nottingham has a project for de-
veloping recycling techniques for thermoset materials, including poly-
esters, vinyl esters, epoxies, phenolics, and amino resins, along with
glass and carbon-fiber reinforced resins.180 The Fraunhofer Institute
in Teltow is developing a process for recycling thermosets using an
amine-based reagent in a one-step process that requires little added
heat. The process is said to be applicable to almost all thermosets.181

Imperial Chemical Industries plc and Mitsubishi Rayon Co. Ltd. are
developing technology for recycling of acrylics by chemical depolymer-
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ization and repolymerization.182 The introduction of polyethylene
naphthalate (PEN) in U.S. packaging markets was delayed by the per-
ceived need to develop processes for automatic separation of PEN from
PET, as well as technology for recycling of PEN. Other examples could
be cited as well. The field of plastics recycling is constantly evolving in
response to changing demands and opportunities as well as the emer-
gence of new resins and new applications.

14.9 Recycling of Rubber

Recycling of rubber from tires in the U.S. was estimated at 770,000
tons in 1997, 22.3% of the 3,450,000 tons of rubber in tires that en-
tered the municipal solid waste stream.2 EPA’s information on trends
in generation and recovery of rubber tires is shown in Fig. 14.65, and
recycling rates in Fig. 14.66.

The Scrap Tire Management Council of the Rubber Manufacturers
Association claims that markets for scrap tires consumed approxi-
mately 66% of the total number of tires scrapped in 1998, down from
nearly 76% in 1996. The decrease in use as fuel, which accounted for
42% of the market, was responsible for the decline. Markets other than
fuel included agricultural and civil engineering applications and man-
ufacture of rubber products. Exports accounted for about 5.5%. Use of
scrap tires in civil engineering application increased from 10 million
tires in 1996 to 20 million in 1998. The tire material replaces material
such as soil, clean fill, drainage aggregate, and other fill material.183

Products manufactured from ground rubber accounted for about 460
million pounds of scrap tires. Of this, 45.6% originated in tire buffings
from retreading operations, and the remainder from whole scrap tires.
One significant market is blends with asphalt, in rubber modified as-

Figure 14.65 Generation and recovery of tires in U.S. municipal
solid waste.2,52
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phalt, RMA. Another market is bound rubber products, where the rub-
ber particles are held together by an adhesive, such as carpet
underlay, dock bumpers, and patio flooring. Powdered scrap tire rub-
ber can be used in the manufacture of new tires. Michelin North
America is producing an original equipment tire for Ford that con-
tains five percent recycled rubber content. Ground rubber is also used
in athletic and recreational applications such as in running track ma-
terial, for playground surfaces, and as a turf top dressing. Other appli-
cations include the manufacture of friction brake material, addition to
thermoplastic polymers to modify their properties, and the manufac-
ture of auto parts. Tires can also be used in the manufacture of cut,
stamped, or punched rubber products. However, tires with steel belts
or body plies are not suitable for these products.183

In Europe, the goal is to reach a recycling rate of 65% of scrap tires
by 2000. Japan recycled 91% of the 102 million scrap tires generated
in 1997. Energy recovery was the largest market, accounting for 51%
of the total. Export for reuse consumed 17%, 12% were recycled, 8%
were retreaded, and 3% were used in miscellaneous ways.184

Research on novel applications for scrap tires is ongoing. University
of Illinois researchers have investigated the recycle of tires into acti-
vated carbon absorbents.185 Primix Corp. is manufacturing composite
railroad ties formed from a concrete base with a shell of polyethylene,
rubber from scrap tires, and a proprietary blending agent.186

14.10 Recycling of Textiles

According to EPA estimates, about 8.2 million tons of textiles entered
the U.S. municipal solid waste stream in 1997. While a significant
amount of textiles are recovered for reuse, they still enter the waste

Figure 14.66 Tire recycling rates in the U.S.2,52
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stream eventually. The amount of recycling, including export, was es-
timated at 12.9%, 1.1 million tons.2

The Council for Textile Recycling claims that its 350 members re-
move 2.5 billion pounds of post-consumer textile product waste from
the U.S. municipal solid waste stream each year. The majority of the
collected material, 61%, is exported, with about half for use as used
clothing and the other half used as fiber. The primary domestic mar-
ket for recycled textiles is in the manufacture of wipers, which con-
sumes 25% of the collected material. Domestic fiber reprocessing uses
another seven percent, and seven percent of the collected material is
landfilled as waste.187 

14.11 Recycling of Wood

The EPA estimates that about 590,000 tons of wood was recycled from
U.S. municipal solid waste in 1997, out of 11.6 million tons of wood
discarded, for a recycling rate of 5.1%. Important sources of wood in
the waste stream include furniture and other durable goods and wood
packaging such as crates and pallets. Most of the recycling involved
chipping for uses such as mulch or bedding material. Refurbishing
and reuse of objects such as pallets is classified as source reduction
and not as recycling. This is a significant activity, since EPA estimates
that over 5 million tons of wooden pallets were refurbished and re-
turned to service rather than being discarded.2

Wood packaging accounted for over 7 million tons of material enter-
ing the municipal solid waste stream, about 61% of all wood. All recy-
cling of wood from MSW tabulated by EPA originated in packaging.
Patterns of generation and recovery of wood in municipal solid waste
are illustrated in Fig. 14.67. Recycling rates for wood packaging are
shown in Fig. 14.68.

Construction and demolition debris, suburban land-clearing debris,
and forestry waste, including mill waste, are important sources of
wood waste that are not included in the definition of municipal solid
waste. It was estimated that the volume of waste wood in the U.S. was
194 million tons in 1996. About 63% of this, primarily mill residuals,
was recovered and used, mostly as mulch and fuel.188 A recent study
in North Carolina estimated that 30% of construction and demolition
debris generated in the state was wood, of which less than five percent
was recovered.189 Recycling of construction and demolition debris is
becoming more common with the growth of the deconstruction indus-
try. Reclaimed lumber salvaged by these companies often originated in
old-growth forests and has a number of desirable characteristics, in-
cluding larger sizes than are currently available and dense, tight-
grain wood that is often quite free of defects. The U.S. Forest Products
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Laboratory has been involved in testing reclaimed wood for structural
integrity in support of the development of reclamation protocols and
grading rules for reclaimed wood.190

Wooden pallets are already recycled at a relatively high rate, 71% in
1998.191 One company even manufactures fine furniture from old pal-
lets.192 Mulch, animal bedding, and playground cover are more com-
mon uses.
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