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PREFACE 

RICHARD S. STEIN 

University of Massachusetts 
Amherst. Massachusetts 01003 

The problems associated with the accumulation of polymer solid waste is of 
great public concern. Landfill space in high-population-density areas of the 
country is often becoming exhausted, and transportation costs to increasingly 
more distant areas are becoming prohibitive. Although polymers only amount 
to about 8% by weight of solid waste, their low density and slow decomposi- 
tion rates make them a very visible component. There is also concern that 
polymer use represents a consumption of nonrenewable resources. Discarded 
polymer objects can be unsightly and also can be damaging to wildlife. 

Although reduced use and substitution by other materials are suggested so- 
lutions, the performance, convenience, and low cost of synthetic polymers 
have led to an increasing amount of polymer waste. Recycling is an important 
means for reducing the fraction of this waste entering landfills and also can 
lead to the recovery of materials for further use. However, its employment is 
limited by economic considerations. Polymer manufacturers are unlikely to 
utilize feedstock of recycle origin if they can use a virgin monomer less ex- 
pensively. 

There are several problems that limit the application of recycling. It is well 
known that many polymers are immiscible with each other and that the phys- 
ical properties of immiscible polymer blends are often inferior. There are 
some products that can be made from such “commingled polymers” such as 
park benches and marine docks, but the applications are often limited to those 
where mechanical performance requirements are not high. There is not a large 
market for such use, so most recycling efforts are directed toward dealing with 
separated polymers. 

Recycling can be categorized as “preconsumer” and “postconsumer.” Pre- 
consumer recycling is that carried out by manufacturers using materials aris- 
ing from their normal production, such as waste from operations (e.g., stamp- 

ix 
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ing and trimming). Such practices have long been employed and are econom- 
ically attractive. They benefit from manufacturers being able to readily segre- 
gate polymers of differing types. 

The postconsumer problem is more difficult, and its success usually de- 
pends on either devising a scheme for readily identifying and collecting poly- 
mers of particular types or employing an economical means for separating 
mixed polymers. A successful program is that of recycling polyethylene 
terephthalate (PET) soft drink bottles, where their return is often encouraged 
by charging deposits to be returned when the used bottles are brought back. 
“Reverse deposit” machines in supermarkets which identify bottles, grind 
them up, and return the deposit have facilitated the process. One reason for the 
success of this program is that the value of PET is greater than that of other 
polymers such as polyolefins, where recycling is less attractive. 

The need is to find sources of recycle feedstock where appreciable amounts 
of not too greatly mixed polymers can be economically collected and pro- 
cessed. Used carpets have been identified as such a source. It is estimated that 
in the United States, 7 billion pounds of carpets are shipped each year and 
these are usually replaced in 5-10 years. The replacement is usually carried 
out by professionals who could deliver these used carpets to a recycling facil- 
ity. Most carpets are composed of a nylon facing, a polypropylene backing, 
and a resin binder. Thus, the separation of these components is a fairly well- 
defined task. Nylon, like PET, is a high-value-added polymer, so that its re- 
covery is attractive. 

The methods described in this collection of articles may be divided into (1)  
those employing the mixed carpet components, (2) those separating the com- 
ponents by physical processes, and (3) those involving chemical degradation. 
A good example of method 1 is that of the Northwestern University group who 
pulverize the mixed component under sufficiently high shear that some chem- 
ical degradation occurs. This produces some reaction between components so 
as to lead to linkage by chemical bonding of fine particles having a high SUT- 

face area. Although the components do not become miscible, the mixtures 
have physical properties that are superior to those of normal mixtures so that 
a greater range of uses may be found. Another approach by a Georgia Tech 
group uses fibrous carpet waste as a filler for thermoplastic resins (without 
melting the carpet components) to produce a woodlike material. 

Some unique separation techniques employ liquid or supercritical carbon 
dioxide. The density of liquid COz is such that it can separate the nylon from 
the polypropylene. It is shown that the C02 does not appreciably affect the 
properties of the components. A different method dissolves the nylon in a 
formic-acid-based solvent, separates the solution from the other components, 
and then uses the supercritical C02 as an antisolvent to precipitate the nylon 
from its solution. 
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A problem with degradation techniques is that energy is required. They 
have the advantage that the products are of low molecular weight so that they 
can be readily separated from impurities and purified by conventional tech- 
niques such as filtration and distillation. This provides the flexibility for re- 
polymerizing in a variety of ways and also of avoiding regulatory restrictions 
governing the use of products for applications such as those dealing with food. 
Techniques are familiar to chemical engineers, and the problem is one of op- 
timization to make them economically attractive. 

It is not clear which approach is best. This collection of articles represents 
a multifaceted approach which permits comparisons. It is hoped that such 
studies may help with decisions. 
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PLASTICS, RUBBERS, AND TEXTILES IN MUNICIPAL 
SOLID WASTE IN THE UNITED STATES 

SATISH KUMAR 

School of Textile and Fiber Ertgineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332-0295 

Abstract 

In 1996, 210 million tons of municipal solid waste was generated in the 
United States. Fifty-seven million tons of this waste was recovered for 
recycling, 36 million tons was combusted primarily for energy recovery, 
and the rest (1 10 million tons) of the waste was landfilled. In 1996, plas- 
tics, rubbers, and textiles accounted for 20% by weight and 41% by vol- 
ume of the total municipal solid waste. Six percent (2 million tons) of 
plastics, rubbers, and textiles were recovered for recycling in 1996. 

Key Words: Polymers; Landfill; Recycling; Combustion; Waste statistics. 

INTRODUCTION 

This article presents solid-waste statistics on plastics, rubbers, and textiles 
based primarily on the US. Environmental Protection Agency’s report on mu- 
nicipal solid waste (1). Municipal solid-waste (MSW) generation grew from 
88 million tons (2.68 lbs./person/day) in 1960 to 214 million tons (4.51 
lbs./person/day) in 1994. In 1996, the waste generation decreased to 210 mil- 
lion pounds (4.33 lbs./person/day) (Fig. l). Materials generated in the munic- 
ipal solid-waste stream by weight and as a percentage of total waste are given 
in Fig. 2. Figure 3 shows that 27% (57 million tons) of this waste was recov- 
ered for recycling including composting, 17% (36 million tons) was used in 
combustion facilities, and 55% (1 16 million tons) waste was landfilled in the 
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1960 1965 1970 1975 I 9 8 0  1985 1990 1995 

FIG. 1. Municipal solid-waste (MSW) management, 1960-1996. (From Ref. 1.) 

2400 landfill facilities. By comparison, in 1986,83% of municipal solid waste 
was landfilled. 

Municipal solid waste includes the following: durable goods, nondurable 
goods, containers and packaging, food waste, yard trimings, and miscella- 
neous inorganic waste. Municipal solid waste does not include hazardous 
waste, municipal sludge, industrial nonhazardous waste, construction and de- 
molition waste, agriculture waste, oil and gas waste, and mining waste. 

The 1997 EPA report (1) uses the materials flow methodology for waste 
characterization. This method is based on production data (by weight). Ad- 

Gbss 5.9% 
12.4 million tons 

Yard 

Metals 7.7% 
16.1 million tons 

Plastics 9.4% 
19.8 million tons 

wood 5.2% 
10.8 million tons 

21.9 million tons 

28.0 million tons 20.8 millian tons 

FIG. 2. Materials in MSW, 1996 (total weight 210 million tons). (From Ref. 1.) 
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Recovery for recycling 
(including composting), 27.3% 

57.3 million tons 

Combustion, 17.2% 
36.1 million tons 

Landfill, other, 55.5% 
11 6.3 million tons 

FIG. 3. Municipal solid-waste (MSW) management, 1996. (From Ref. 1 .) 

justments are made for imports, exports, diversion from waste stream, and 
product lifetimes. 

TEXTILES AND RUBBERS 

Textiles recovered for reuse as wiper rags and so forth eventually enter the 
waste stream. It was assumed that reused textiles enter the waste stream in the 
same year in which they are first recovered. In 1996, approximately 1 million 
tons of textiles were recovered for export or reprocessing and 6.8 million tons 
of textile waste was discarded. 

It is also estimated that 2.3 million tons of carpets and rugs (carpet contains 
fiber, rubber, and inorganic filler) were generated into municipal solid waste 
in 1996, of which about 1% was recovered for recycling (Table 1). A number 

TABLE 1 
Selected Products in Municipal Solid Waste in 1996 (in Thousands of Tons) 

Products 
Recovered for 

MSW generation recycling 
~ _ _ _ _ _ _ _  ~ 

Carpet and rugs 23 10 
Rubber tires 3910 

Trash bags 860 
Disposable diapers 3050 
Clothing and footwear 5340 
Towels, sheets, and pillowcases 750 

Plastics plates and cups 810 

30 (1.3%) 
730 (18.7%) 

10 (1.2%) 
Negligible 
Negligible 

700 (13.1%) 
130 (17.3) 

Source: Ref. 1. 
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FIG. 4. Plastics waste generation and recovery, 196s1996. (From Ref. 1.) 

of carpet recycling initiatives are currently underway and we should continue 
to see growth in carpet recycling in the coming years. For example, Al- 
liedsignal Inc., BASF, DuPont Co., Collins and Aikman, and some others 
have initiated postconsumer carpet recycling programs in recent years. 

The generation of 3.9 million tons of tires was estimated in the municipal 
solid-waste stream in 1996, 19% of which were recovered for recycling, leav- 
ing 3.2 million tons to be discarded (Table 1). 

PLASTICS 

The growth of plastics in municipal solid waste is shown in Fig. 4 and a break- 
down by products is shown in Fig. 5. Plastic products had the largest increase 

Durables 

NonducaMes 

Bags, sacks and waps 

Other packaging 

Soft drink, milk, and water 
containers 

Other containers 

0 1.000 2,000 3.000 4.000 5.000 6.000 7.000 

Thousendtons 

FIG. 5. Plastics products in MSW, 1996. (From Ref. 1.) 
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TABLE 2 
Plastic Resins in Municipal Solid Waste in 1996 (in Thousands of Tons) 

Resin" MSW generation 
Recovered for 

recycling 

PET 
HDPE 
PVC 
LDPELLDPE 
PP 
PS 
Other resins 

Total plastics in MSW 

1,700 
4,120 
1,230 
5,010 
2,580 
1,990 
3,130 

19,760 

350 
410 

Negligible 
110 
130 
30 
30 

1,060 (5.4%) 

a PET = polyethylene terephthalate; HDPE = high-density polyethylene; PVC = poly(viny1 
chloride); LDPELLDPE = low-density polyethyleneilinear low-density polyethylene; PP = 

polypropylene; PS = polystyrene. 
Source: Ref. 1. 

in generation for all materials-increasing by nearly 1 million tons from 1995 
to 1996 in MSW generation. Various plastic resins in the municipal solid 
waste are given in Table 2. 

Polyethylene terephthalate (PET) and high-density polyethylene (HDPE) 
currently account for about 80% of plastics recovered from MSW. A complete 
list of plastics recovered is given in Table 2. Prices for recycled HDPE and re- 
cycled PET are presented in Figs. 6 and 7, respectively. High prices in the 
1995-1996 period are believed to be a result of the lack of participation in the 
curbside recycling program. Relatively low prices for recycled PET are at- 

600 - 
500 ..-." ................................ 
400 .. ..................................................... " .... .............................................. 
300 - 

.......... "."." ................... " ....... "... 
a 

B 200 -. 

o . ! ! : ! ! ! ! ! ! : ! ! ! ! ! ! ! ! ! ! !  ! ! ! ! ! ! : ! ! ! ! I !  ! !  ! I  ! I  

Jan-90 Jan-91 Jan-92 Jan-93 Jan-94 Jan-95 Jan-96 Jaw97 Jan-98 

FIG. 6. Average price for baled HDPE from 1990 to 1998. (From Ref. 1; origi- 
nal source: Recycling Times.) 
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Average price for baled PET from 1990 to 1998. (From Ref. 1; original FIG. 7. 
source: Recycling Times.) 

tributed to the large supply of off-class virgin PET resin. New bottles made 
with recycled HDPE content represent the largest market for this resin (Fig. 
8). Recycled polyethylene is also used for drainage pipe, trash and grocery 
bags, pallets, and lumber. A high percentage of recycled PET is converted to 
fibers for use in carpets and as fiberfill in garments and sleeping bags (Fig. 9). 

Plastic plates and cups are primarily made of polystyrene resin. It was esti- 
mated that 810,000 tons of waste from these products was generated in 1996, 
of which 11,000 tons were recovered for recycling. 

Disposable diapers, including adult incontinence products, were estimated 
to contribute 3 million tons of material (e.g., wood pulp, plastics including su- 

FIG. 8. End-user markets, by product category, for HDPE bottles. (From Ref. 1; 
original source: Modem Plastics.) 
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FIG. 9. End-user markets, by product category, for PET bottles. (From Ref. 1; 
original source: Modern Plastics.) 

perabsorbant, tissue paper, nonwoven textiles, etc.) to MSW. No significant 
recycling or composting of these products was reported in 1996. 

COMBUSTION 

Combustion of municipal solid waste primarily involved waste conversion to 
steam, electricity, or fuel. In 1996, there were 110 waste-to-energy conversion 
facilities in the United States. There were also eight combustion facilities that 
utilized waste as fuel. A small amount (2450 tons/day) of waste was com- 
busted without energy recovery. Nearly 40% of waste-to-energy recovery fa- 
cilities are located in the Northeast. Energy values of a number of materials 
are listed in Table 3. In all, 36 million tons (17% of total MSW generated) of 

TABLE 3 
Energy Content of Selected Materials 

Material BTUnb. 

Bituminous coal 
Nylon 
Polyester 
Polypropylene 
Processed wood pellets 

13,000 
8,500 
6,800 
9,300 
8,500 

Source: Ref. 2. 
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municipal solid waste was combusted in 1996, of which 2.5 million tons of 
waste, mostly containing rubber tires and some wood, paper, and plastic 
waste, have been combusted as fuel. Approximately 25% of the dry weight of 
combusted municipal solid waste converts to ash. It is assumed that most of 
the ash is landfilled. However, in the EPA report (l), the combustion ash was 
not considered a part of the MSW, as it must be managed separately. 

COMPOST 

Composting is mostly limited to yard trimming, food waste, soiled paper, and 
the other biodegradable components in MSW. In 1996, over 3200 yard-trim- 
ming composting facilities, 15 MSW composting facilities, and 176 food- 
waste composting facilities were reported in the United States. 

MATERIALS RECOVERY 

Materials recovery facilities (MRFs) are used to process recyclable materials. 
There were 363 operating MRFs in 1996, with a total daily capacity of 29.4 
thousand tons. Most of these MRFs are low-technology facilities, where ma- 
terials are predominantly sorted manually. Some high-technology MRFs sort 
recyclables using eddy currents, magnetic pulleys, optical sensors, and air 
classifiers. 

Mixed-waste processing facilities, less common than MWs, receive waste 
just as if it were going to the landfill. Mixed waste, loaded on conveyers, is 

TABLE 4 
Estimated Volume of Selected Materials Discarded in MSW in 1996 

Discardsb 
MSW 

generationa Weight Weight Volume 
Material (million tons) (million tons) (% of MSW total) (% of MSW total) 

Plastics 19.8 18.7 12.3 25.1 
Rubbersfleather 6.2 5.6 3.7 7.8 
Textiles 7.7 6.8 4.4 8.2 

Total 33.1 31.1 20.4 41.1 

a Municipal solid waste generation = recovery + combustion + landfill. 

Source: Ref. 1. 
Discards = combustion + landfill. 
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TABLE 5 
Per Capita Generation, Materials Recovery, Combustion, and Discards of 

MSW (in Pounds per Person per Day; Population in Millions) 

1960 1990 1996 

Generation (all materials) 
Plastics 
Rubber and leather 
Textiles 

Recovery (all materials) 
(recycling and composting) 

Combustion 
Landfill 
Population 

2.68 
0.01 
0.06 
0.05 
0.17 

0.82 
1.69 

180 

4.5 1 
0.38 
0.13 
0.13 
0.74 

0.70 
3.07 

249 

4.33 
0.41 
0.13 
0.16 
1.18 

0.70 
2.44 

265 

Source: Ref. 1. 

sorted both manually and mechanically for removing recyclables for further 
processing. In 1996, there were 58 mixed-waste processing facilities in the 
United States, handling 34,800 tons of waste per day. 

CONCLUDING REMARKS 

In 1996, plastics, rubbers, and textiles contributed 20% by weight and 41% by 
volume to the U.S. municipal solid-waste stream (Table 4). On a per capita ba- 
sis, the contribution of the plastics, rubbers, and textiles increased from 0.12 
lb./person/day in 1960 to 0.70 lb./person/day in 1996 (Table 5).  This repre- 
sents a loss of high-energy products through landfilling. Significant efforts are 
being made to develop technologies to recover these materials (3-8). 
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SEPARATIONANDRECOVERYOFNYLONFROM 
CARPET WASTE USING A SUPERCRITICAL FLUID 
ANTISOLVENT TECHNIQUE 

ARON T. GRIFFITH, YOONKOOK PARK, and 
CHRISTOPHER B. ROBERTS* 

Department of Chemical Engineering 
Auburn University 
Auburn, Alabama 36849 

Abstract 

This article presents a new process for the selective separation and re- 
covery of nylon material from carpet waste using a solvent-based selec- 
tive dissolution technique combined with supercritical fluid antisolvent 
precipitation. The process is described in three primary stages: (1) se- 
lective dissolution of nylon up to 2.31 wt.% from the model carpet with 
an 88 wt.% liquid formic acid solution is performed at 40"C, (2) recov- 
ery of the nylon product powder with supercritical CO2 antisolvent pre- 
cipitation at pressures between 84 and 125 bar at 40"C, and (3) recycle 
of both the solvent and antisolvent by flashing into two phases. Detailed 
studies on the supercritical fluid antisolvent precipitation (stage 2) of the 
nylon material from carpet waste were performed in which the influ- 
ences of operating conditions were examined. Effective recovery of the 
nylon material was achieved with control over the morphology and par- 
ticle size of the nylon powder. The particles obtained were typically less 
than 20 pm and spherical in nature, with exceptions observed at the 
highest operating pressure above 300 bar. In general, the experiments il- 
lustrate that changes in operating pressures (both upstream and down- 
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stream of the expansion nozzle), nozzle diameter, and solution concen- 
trations had little influence on the particles’ mean size and size distribu- 
tion. The results suggest this process to be very controllable. In addition, 
analysis of the nylon product illustrated that this process shows promise 
in providing quality nylon material from waste carpet material. 

Key Words: Carpet; Recycling; Supercritical fluid; Antisolvent precipi- 
tation; Nylon. 

INTRODUCTION 

We present a new method of separating certain mixed or commingled poly- 
meric materials for recycle. Specifically, we will examine the separation of 
nylon from common carpeting materials. This new process (1) combines se- 
lective dissolution of the nylon materials in a liquid solvent and the subsequent 
recovery of the nylon in controllable powder form using a supercritical fluid 
antisolvent precipitation technique, as described below. This recovered mate- 
rial has many potential applications, including membrane materials, filter me- 
dia, novel thermoplastic blends, chromatographic packing, and catalyst sup- 
port materials. 

Carpet is generally comprised of three primary polymer components: 
polypropylene (backing), latex (binding), and nylon (face fibers). Nylon face 
fiber is a major component in carpet, typically constituting more than 50% by 
mass (2). The high value of nylon material increases the recycle viability of 
carpeting material from an economic perspective. Unfortunately, much of the 
waste carpet being disposed of by consumers is done so through landfilling. In 
the United States, greater than 3 billion pounds of waste carpet was removed 
from homes and businesses in 1995 (3). An equal amount was reported in 
Western Europe (4). 

There have been many approaches to mixed plastics and carpet recycling, 
including density-based separations, depolymerizations, solvent-based sepa- 
rations, and others. One mechanism gaining attention for the separation of 
polymeric mixtures involves selective dissolution techniques. Selective disso- 
lution is the process in which one component of a mixture is preferentially dis- 
solved in a solvent, leaving the other components of the mixture undissolved. 
Solvents for these selective dissolution techniques range from liquids at room 
temperature to supercritical fluids (SCFs). Methods of recovering the dis- 
solved polymer from the solvent have included flash devolatilization (5,6), 
rapid expansion of a SCF solvent (7), and dilution with nonsolvents. 

Supercritical fluid solvents have gained much attention in recent years as 
solvents in a variety of polymer processes, including extractions and separa- 



SEPARATION AND RECOVERY OF NYLON: SCF 41 3 

tions (8,9) fractionations (9,lO) and particle formation (8). This attention 
stems primarily from the ability to dramatically change the bulk properties of 
a SCF, such as density and solvent strength, with small variations in tempera- 
ture and pressure. A supercritical fluid is any fluid heated above its critical 
temperature and compressed beyond its critical pressure. For example, the 
critical temperature of C02 is 31°C and its critical pressure is about 73 bar. In 
this supercritical region, the physical properties of the fluid can be “tuned” 
from gaslike to liquidlike by adjusting the temperature and pressure. Figure 1 
illustrates the ability to “tune” the properties of supercritical fluids. The new 
process described herein takes advantage of the “tunable” properties of super- 
critical fluids. 

Sikorski patented the use of a SCF solvent for the dissolution and recovery 
of components from carpet (7). It was proposed that the individual polymers 
in carpet could be sequentially extracted using SCF solvents such as alkanes 
and C02 by incrementing the temperature and pressure (hence changing den- 
sity) of the SCF solvent. This would allow the polymers in the matrix to be se- 
quentially separated (7). Unfortunately, fairly high operating temperatures 
and pressures are required to dissolve the various polymers in the SCF sol- 
vents. 

Another recent application of SCF solvents in polymer processing involves 
the use of a SCF as an antisolvent (or nonsolvent) for inducing polymer pre- 
cipitation from solutions and for the production of fine particles during pre- 
cipitation. Gallagher et al. (1 1)  introduced the process termed Gas Anti-Sol- 
vent (GAS) Recrystalization. GAS uses a SCF or a compressed gas as an 
antisolvent to precipitate a solute (e.g., polymer), which has been dissolved in 
a liquid solvent. The process takes advantage of the fact that a SCF can dis- 
solve in and expand liquid solutions. The introduction of the SCF to the poly- 
mer-solvent solution expands the liquid solution and decreases the solubility 
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FIG. 1. Density of C 0 2  in the supercritical region as a function of pressure along 
two isotherms. 



41 4 GRIFFITH, PARK, AND ROBERTS 

of the polymer, which results in forced nucleation and growth of polymer par- 
ticles. A slight twist on the GAS process is one introduced by Dixon et al. (8) 
termed Precipitation with a Compressed Fluid Antisolvent (PCA). In this pro- 
cess, a polymer and liquid solvent solution is sprayed into a compressed anti- 
solvent, where the liquid solvent rapidly dissolves into the SCF. The polymer, 
which is insoluble in the SCF, precipitates out of solution. Both of these tech- 
niques have been widely used for a variety of materials processing to produce 
micron-sized particles (powders) with narrow size distributions. To determine 
the applicability of these processes to a particular system, (1) the solid must 
dissolve in a liquid solvent at mild tem eratures, (2) the solid or polymer must 
be relatively insoluble in a supercritical fluid antisolvent, and (3) the liquid 
solvent must be at least partially miscible with the chosen supercritical fluid. 

An extension of these two processes from the realm of particle size reduc- 
tion to that of recycling can be readily performed. Given a polymeric mixture 
that needs to be separated, a liquid solvent can be chosen in which one poly- 
mer in the mixture is soluble and the other polymers are not. An appropriate 
SCF antisolvent can be chosen for the system, and the polymer-solvent sys- 
tem can then be separated via either antisolvent process discussed above. 

Here, we present a new method of separating nylon from carpet material, 
taking advantage of this SCF antisolvent recrystallization technique for re- 
covery of valuable resources (1,12). The details of the process are provided in 
the following section. 

P 

NEW PROCESS DESCRIPTION 

In this process, the recovery of nylon from carpet will occur in three stages: 
dissolution of nylon in formic acid, antisolvent recovery of the nylon in SCF 
C02, and separation of the solvent and antisolvent via density manipulations. 
A flow diagram of the process is given in Fig. 2 (1). This new technique is a 
closed-loop process which uses environmentally benign SCF C02 and offers 
convenient recovery of the polymer as well as control over the morphology 
and particle size of the recovered nylon. 

In the first stage (dissolution), the carpet is fed into a dissolution vessel, 
where the nylon is selectively dissolved by the formic acid solvent, leaving the 
polypropylene and latex matrix along with the filler material (usually calcium 
carbonate). A number of solvents can be identified for the dissolution of ny- 
lon at or near room temperature, such as formic acid and phenol, as well as 
some stronger acids. However, the use of the stronger acids can result in sig- 
nificant degradation and depolymerization even at short contact times. The 
solubility of nylon in an 88% formic acid solution (12% water) has been de- 
termined to be as high 2.5+ wt.%. Passing formic acid over the polymer ma- 
trix gives complete separation of the nylon. The polypropylene and latex are 
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FIG. 2. Process flow diagram for recovery of nylon from carpet waste (PP: 
polypropylene; FA: formic acid). 

left behind in the extraction chamber as the nylon is dissolved and swept away 
by the formic acid. In a commercial version of the process running in a con- 
tinuous or semicontinuous fashion, some small amounts of formic acid and 
water will be discharged with the polypropylene and latex backings when the 
solids trap in stage 1 is opened and the material is filtered. This material can 
then be subsequently dried for disposal or recycle. 

The second separation stage involves the recovery of the nylon from the 
liquid solvent (antisolvent precipitation stage). Of course, the formic acid-ny- 
lon solution could be simply diluted with water to precipitate the nylon mate- 
rial. However, the subsequent required separation of the solvent’s formic acid 
and water is challenging. Here, we present the use of SCF C02 as an antisol- 
vent which will provide convenient solvent separation (in stage 3). C02 is con- 
venient for use as an antisolvent, as it is cheap and environmentally attractive 
and has a relatively low critical temperature and pressure. The nylon-formic 
acid solution is pumped into the second stage, where it is contacted with the 
SCF CO2. The operating conditions can be chosen such that the formic acid 
and C02 are miscible, so that when contacted, the solution’s solvent strength 
is lowered, which forces precipitation of the nylon. Again, in a commercial 
version of the process, some small amounts of C02, formic acid and water will 
be discharged with the nylon when the nylon trap in stage 2 is opened. This 
nylon material can then be subsequently filtered and dried for reuse. The abil- 
ity to control particle size and morphology by manipulating recovery condi- 
tions has been investigated and the results of detailed investigations in stage 2 
are presented in the following sections. 
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Finally, in the last stage of the process (stage 3), the C02-formic 
acid stream (with residual water) is separated with a simple adjustment in tem- 
perature or pressure so that the acid solution and C02 are no longer miscible. 
In other words, by simply decreasing the pressure of the system, this stream 
can be “flashed” into a C02-rich phase and a formic acid-water-rich phase. 
Therefore, the C02 and the formic acid are then recycled into the process. 
Many mixtures of C02 and carboxylic acids similar to formic acid (such 
as acetic, propionic, n-butyric acids) demonstrate the transition from a 
one-phase system to a two-phase system with small changes in pressure. 
Unfortunately, to the authors’ knowledge, detailed phase behavior data for 
the formic acid-water-C02 system is not available in the literature to date. 
However, Figure 3 shows ternary diagrams at typical operating conditions 
in stage 2 and stage 3 for a similar solvent, acetic acid. In Fig. 3a, the circle 
symbol represents a typical operating condition in stage 2 of roughly 
17% acetic acid and 82% C02, with a residual amount of water at the operat- 
ing temperature and pressure of 3 13 K and 150 bar, respectively. This is a one- 
phase system at these operating conditions, as desired (solvent and antisolvent 
are miscible in stage 2). Figure 3b illustrates that with a decrease in pressure 
to 40 bar (stage 3), the system will phase split into a C02-rich phase and an 
acetic-acid-rich phase along the tie lines provided. This allows reuse of the 
solvent and antisolvent. The data in Fig. 3 were taken from Panagiotopoulos 
et al. (13). 

This three-stage process provides effective separation of nylon from the poly- 
mer matrix; investigations into the specifics of each of the three stages are un- 
derway in our laboratory. In the following section, we present specific investi- 

.9 .8 .7 .6 .5 .4 .3 .2 .i .e .8 .7 .6 .5 .4 .3 .2 .1 
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FIG. 3. Ternary phase diagram for the acetic acid-water-carbon dioxide system 
at (a) 150 bar and (b) 40 bar at 313 K. Circle symbol represents typical operating con- 
ditions of stages 2 and 3 (see text). (Data from Ref. 13.) 
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gations of the antisolvent recovery of nylon via the PCA process (stage 2), and 
the results of these separations are discussed. Unique nylon materials are p r e  
duced, including the production of fine nylon powders of porous microspheres. 

EXPERIMENTAL 

Materials Used 

Common carpet material was obtained from the Textile Engineering Depart- 
ment at Auburn University; it consisted of roughly 50 wt.% nylon fibers, with 
the remainder made up of polypropylene primary and secondary backings, a 
SBR latex binder, and calcium carbonate filler. Formic acid (88%) was ob- 
tained from Aldrich and used as received. Figure 4 is a photograph of the car- 
pet material before processing with formic acid (Fig. 4a) and the remaining 
backing material after dissolution of the nylon fibers (Fig. 4b). Carbon diox- 
ide (SFC grade) was obtained from BOC Gases (Bessemer, AL, U.S.A.). 

Apparatus and Method 

The experimental setup used for this study of the antisolvent precipitation 
of nylon from carpet waste (stage 2) is similar to that used by Dixon et al. 
(8) and is shown in Fig. 5. Nylon fibers from carpet waste were dissolved 
in formic acid to 2.31 wt.% and the liquid solution was placed in the sample 
side of a stainless-steel piston-cylinder assembly. We have measured the 
solubility of this nylon material in the 88 wt.% formic acid solution to 
be roughly 2.5 wt.%. The nylon concentration of 2.31 wt.% used in the 
experiments is just below the solubility limit. The piston-cylinder assembly 
was then compartmentalized with two valves, as shown in Fig. 5, and the pres- 
sure on the piston was then maintained with a high-pressure nitrogen tank (runs 
6 1 5 )  or a model 260D Isco high-pressure syringe pump (runs 1-5). A Jergu- 
son (Strongsville, OH, U.S.A.) sight gauge (model R-12) was used as the col- 
lection vessel. Capillary tubing of two different inside diameters (50 and 154 
p,m) were used as spray nozzles during these investigations and were attached 
to one end of the collection vessel. A glass plate for particle collection was 
placed inside the vessel. 

Antisolvent (C02) was delivered to the collection vessel using another Isco 
260D high-pressure syringe pump programmed to operate at a constant de- 
sired pressure. The system temperature was maintained at 40°C during all ex- 
periments by use of a water bath fitted with an immersion circulator. The sys- 
tem pressure was measured using a pressure transducer (Omega, Stamford, 
CT, U.S.A., model PX945). The computer-controlled syringe pump, jacketed 
for heatingkooling, was charged with COz, which was subsequently brought 
to and kept at experimental temperature and pressure. The jacket was also con- 
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Polymer Solution Pistonkylinder assembly 

FIG. 5. Experimental apparatus for SCF antisolvent precipitation of nylon (CP: 
collection plate; N: 50- and 154-pm spray nozzle; P: pressure transducer; SP: Isco sy- 
ringe pump). 

nected to an immersion circulator operating at 40°C. The polymer solution 
pressure (upstream), antisolvent (CO,) pressure (downstream), nozzle diame- 
ter, and polymer solution concentration were varied in order to determine the 
influence of process operating conditions on the product materials obtained. 
After the collection vessel was allowed sufficient time to equilibrate and the 
polymer solution was pressurized, the valve restricting the flow of the poly- 
mer solution was opened briefly, causing a liquid jet to spray into the collec- 
tion vessel. The precipitation of the nylon was noted by the formation of a very 
cloudy region inside the vessel. 

Following precipitation, the vessel was purged with more than three equiv- 
alent volumes of pure carbon dioxide at the experimental temperature and 
pressure to remove all of the liquid solvent from the system. The collection 
vessel was then depressurized slowly while being maintained at the experi- 
mental temperature so as to avoid the formation of liquid carbon dioxide 
within the cell. The glass collection plate was removed when atmospheric 
pressure was reached and the particles collected were analyzed on a Jeol 
(Peabody, MA, U.S.A.) JSM-840 scanning electron microscope (SEM). For 
SEM analysis, the collection plates were sputtered with a thin layer of gold 
and placed on the sample tray. Small strips of double-sided carbon conductive 
tape were used to attach the collection plate to the SEM sample tray to ensure 
that the surface was conductive. SEM micrographs of the recovered nylon 
were obtained and used for particle sizing (perimeter weighted-average size 
distributions) and investigation of morphology. 
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A series of experiments were performed to investigate the influence of up- 
stream pressure, antisolvent pressure, nozzle diameter, and nylon solution 
concentration on the recovered nylon's particle size distribution and mean 
particle size. To investigate the influence of each process variable, experi- 
mental conditions were chosen such that a comparison of results could be 
made in which only one process variable was manipulated. Table 1 shows the 
experimental conditions used in all 15 runs. In the first set of experiments, a 
downstream pressure of 11 1.3 bar, a 154-pm nozzle diameter, nylon concen- 
tration of 2.31 wt.%, and a system temperature of 40°C were used, while the 
upstream pressure was varied between 173.4 and 327.0 bar. The second set of 
experiments was performed with a constant upstream pressure of 133.4 bar 
while varying downstream pressure from 83.7 to 125.1 bar. The third set of 
experiments was performed under the same conditions as the second set, ex- 
cept the nozzle diameter was changed from 154 pm to 50 pm. Finally, an ex- 
periment was performed under the same conditions as above with the nylon 
solution concentration of 0.63 wt.%. 

Intrinsic viscosity, differential scanning calorimetry (DSC), and Fourier 
transform infrared (FTIR) spectroscopic analyses were performed on the ny- 
lon material to determine viscosity-average molecular weight ( M J ,  melting 
temperature ( Tm), and chemical structure and purity. Unfortunately, the mass 
of the nylon recovered in our experimental apparatus was too small to be 
tested directly in the analysis methods mentioned earlier. Therefore, after dis- 
solution in the formic acid, nylon material was also recovered by simply di- 
luting the formic acid solution with water, thus causing the nylon to precipi- 
tate. This method allowed the collection of a larger mass of nylon powder 
material while still permitting investigation of the material's physical proper- 
ties. The nylon powder was then collected by filtration prior to intrinsic vis- 
cosity, differential scanning calorimetry, and FTIR spectroscopic analysis. 

The viscosity-average molecular weight (Mu) of raw nylon from carpet 
waste and the nylon powder from dilution were determined by intrinsic vis- 
cosity measurements conducted at 25°C. The solvent used was 90% formic 
acid (14) and an Ubbelohde calibrated viscometer tube (Fisher, Pittsburgh, 
PA, U.S.A.) was used. The molecular weights of the nylon materials were cal- 
culated from the intrinsic viscosity ([TI in mL/g) according to the equation [q] 
= 2.5 + 0.0132f1873 (15). A Perkin-Elmer (Nonvalk, CT, U.S.A.) DSC-2 
differential scanning calorimeter was used to analyze the melting temperature 
of raw nylon from carpet waste and the nylon powder. The analyses were per- 
formed at lO"C/min heating rate and 20 cm3/min nitrogen flushing rate. Fi- 
nally, recovered nylon from carpet waste was mixed with FluorolubeTM 
(Fisher), used as a mulling agent, following a method described in the litera- 
ture (16). The mull was spread evenly on a NaCl salt plate and analyzed on a 
Perkin-Elmer Spectra 2000 FTIR spectrometer. The results of these studies 
are presented in the following section. 
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TABLE 1 
Experimental Conditions 

B z Nozzle Nozzle Polymer Upstream Downstream Pressure Mean 
diameter length conc. pressure pressure differential particle size U 

Run (Fm) (mm) (wt.%) (bar) (bar) (bar) (Pm) Microstructure a m 
1 154 110k 10 2.31 327.0 111.3 215.7 - Porous, hollow, half-spherical 
2 154 110+ 10 2.31 276.8 11 1.3 165.5 3.63 Spherical m 
3 154 1102 10 2.31 242.3 111.3 131.0 2.92 Spherical 
4 154 l l O ?  10 2.31 207.9 111.3 96.6 2.17 Spherical 

6 
7 154 18 t 2 2.3 1 133.4 97.5 35.9 2.81 Spherical 

0 

2 

5 154 llO? 10 2.31 173.4 111.3 62.1 2.11 Spherical 8 

P 

n < 

z 154 18 % 2 2.31 133.4 83.8 49.6 1.54 Spherical < 

8 154 18 t 2 2.3 1 133.4 111.3 22.1 2.64 Spherical . .  
9 154 18 t 2 2.31 133.4 125.1 8.3 2.98 Spherical v, 

10 154 18 t 2 0.63 133.4 97.5 35.9 1.78 Spherical 
11 50 18 ? 2 2.31 133.4 83.8 49.6 2.09 Spherical 
12 50 18 2 2 2.31 133.4 97.5 35.9 2.01 Spherical 
13 50 18 + 2 2.3 1 133.4 103.7 29.7 3.14 Spherical 
14 50 18 2 2 2.3 1 133.4 11 1.3 22.1 1.89 Spherical 
15 50 18 2 2 2.3 1 133.4 125.1 8.3 4.28 Spherical 

~ 

Note: Temperature: 40°C; material: nylon from carpet waste. 
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RESULTS AND DISCUSSION 

A series of experiments were performed for C02 antisolvent recovery of ny- 
lon from the 2.31 wt.% nylon-formic acid solutions. A typical example of the 
nylon material obtained is illustrated in the SEM micrograph of Fig. 6. This 
figure displays particles obtained from expansion through a 154-pm nozzle 
with an upstream pressure of 207.9 bar and antisolvent pressure of 11 1.3 bar 
at 40°C. The particles obtained are spherical in shape and range in size from 
<1 to 20 pm. The results here are typical for the experiments run with up- 
stream pressures ranging from 133.4 to 276.8 bars, downstream pressures 
ranging between 83.8 and 125.1 bar, and nozzle sizes of 50 and 154 pm. How- 
ever, an exception to the spherical particles occurred at very high upstream 
pressures, such as the situation shown in Fig. 7a. In this experiment, expan- 
sion of the 2.31 wt.% solution at an upstream pressure of 327.0 bar was per- 
formed through a 154-pm nozzle into C02 antisolvent at 40°C. An abrupt 
change in the particle morphology occurred, resulting in the production of hol- 
low half-spheres or “cusps.” It is possible that as the nylon-formic acid liquid 
droplets are sprayed into the COz antisolvent, precipitation rapidly occurs on 
the surface of the sprayed droplet, causing production of a nylon film (or skin) 

FIG. 6. SEM micrograph of nylon particles recovered using a 154-km nozzle, an 
upstream of 207.9 bar, and a downstream pressure of 11 1.3 bar at 313 K. 
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around the liquid droplet. As the C02 continues to penetrate and swell the 
formed nylon shell, and as the liquid solution continues to diffuse into the bulk 
C02, a rupture of the nylon shell may occur. An alternative explanation in- 
volves the increased shear that occurs at this larger pressure drop during ex- 
pansion. A closer investigation of the particles from this high-upstream-pres- 
sure experiment is illustrated in Fig. 7b. The higher magnification illustrates a 
porous, hollow, half-spherical morphology. 

Multiple experiments were performed to investigate the influence of up- 
stream pressure, downstream pressure, nozzle diameter, and nylon solution 
concentration on the particle size and size distributions. In general, our exper- 
iments have shown little influence of these operating parameters on particle 
size and distribution. It should be noted that in all cases, the particles obtained 
are much smaller than the nozzle diameter, as observed in several other in- 
vestigations (10,17). 

Effect of Upstream Pressure 

The upstream pressure is not only a very important factor in affecting particle 
morphology, as discussed earlier, but may also play an important role in im- 
pacting the mean particle size and size distribution, as seen in Table 1 and Fig. 
8a. Figure 8a demonstrates a comparison of particles obtained at a down- 
stream pressure of 11 1.3 bar, a nozzle diameter of 154 pm, and upstream pres- 
sures of 173.4,207.9,242.3, and 276.8 bar (comparing runs 2,3,4,  and 5 ,  re- 
spectively). From the SEM results obtained from each experiment, the size 
distribution (perimeter weighted size distribution) was determined. The parti- 
cle size analysis was done by hand from the SEM micrographs. The maximum 
estimated error in the sizing of the particles is determined to be t 0.5 pm. In 
general, the higher upstream pressures resulted in basically very little change 
in mean size. Figure 9 shows that the mean particle size increased only mod- 
estly with an increase in upstream pressure within the estimated error associ- 
ated with the particle sizing. However, more than 90% of the particles ob- 
tained ranged from < 1 to 6 pm in size. Notwithstanding, a very large fraction 
of the mass in the system is obvious with the larger diameter particles, even 
though they are few in number. To illustrate this, Fig. 8b presents a mass- 
weighted particle size distribution for the same data set as in Fig. 8a. Assum- 
ing the precipitated material to have roughly the same density as the bulk den- 
sity of nylon from carpet waste (p = 1.1 g/cm3), the mass of each diameter 
particle is estimated by 

where wi is the estimated weight of a particle, ni is the number of each diam- 
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FIG. 8. (a) Comparison of number-average particle size distributions at different 
upstream pressures (downstream pressure of 11 1.3 bar and nozzle diameter of 154 
pm). (b) Comparison of mass-weighted particle size distributions at different up- 
stream pressures (downstream pressure of 11 1.3 bar and nozzle diameter of 154 pm). 
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FIG. 9. Comparison of mean particle size obtained at different upstream pres- 
sures (downstream pressure of 1 1 1.3 bar and nozzle diameter of 154 pm; the estimated 
maximum error in particle size technique is 20.5 pm). 

eter particle, and di is the mean diameter value at each interval. The mass- 
weighted distribution could be obtained by taking the ratio between the 
mass at each diameter interval and the total mass over the whole range. The 
mass-weighted mean is shifted to more than 7 pm, as can be seen in Fig. 8b. 
In other words, although the larger particles are less frequent, they contain a 
large fraction of the mass in the system. Of course, this trend follows for all of 
the runs. 

Effect of Downstream Pressure 

Figure 10 illustrates a comparison of particle size distributions obtained at 
downstream antisolvent (C02) pressures of 83.8, 97.5, 111.3, and 125.1 bar 
with an upstream pressure of 133.4 bar and a 154-pm nozzle diameter (com- 
paring runs 6,7,8, and 9, respectively). Changing the antisolvent pressure had 
little effect on the mean particle size, as can be seen in Fig. 11. The estimated 
error associated with the measurement of particle size is 2 0.5 pm and is 
nearly comparable to this change. In all, we observe only a minimal influence 
of the antisolvent pressure on the particle size distribution with 90+% of the 
particles between < 1 and 6 p,m. Similar results were obtained when using the 
50-pm nozzle and the downstream pressure was varied (comparing runs 
11-15). These results, along with those in the previous section, suggest that 
the operating conditions (stages 1 and 2) have little influence on the recovered 
product and would further suggest that, from a process viewpoint, this is an 
easily controllable method for generating powders in this size range. 
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FIG. 10. Comparison of particle size distributions at different downstream anti- 
solvent pressures (upstream pressure of 133.4 bar and nozzle diameter of 154 pm). 
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FIG. 11. Comparison of mean particle size obtained at different downstream 
antisolvent pressures (upstream pressure of 133.4 bar and nozzle diameter of 154 pm; 
the estimated maximum error in particle size technique is +-OS pm). 
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Effect of Nozzle Diameter 

Figure 12 shows a comparison of the particle size distributions obtained at a 
constant upstream pressure of 133.4 bar, downstream pressure of 97.5 bar, and 
nylon solution concentration of 2.3 1 wt.% while varying the nozzle diameter 
from 50 to 154 pm (comparing runs 7 and 12). As can be seen at both nozzle 
diameters, the majority of the particles are less than 4 pm in size. Similar re- 
sults are observed when comparing run 6 to run 1 1, run 8 to run 14, and run 9 
to run 15, with the vast majority of the particles less than 6 pm. Overall, the 
nozzle configuration showed little influence on the particle characteristics. 

Effect of Nylon Concentration 

A set of experiments were performed in which the concentration of the formic 
acid-nylon solution was changed from 2.3 1 to 0.63 wt.% at an upstream pres- 
sure of 133.4 bar and downstream pressure of 97.5 bar, with a 154-pm nozzle 
(comparing runs 7 and 10). It might be anticipated that smaller particles would 
be obtained at the lower concentration due to the smaller amount of nylon con- 
tained within each droplet during the spray process. As can be seen in Fig. 13, 
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FIG. 12. Comparison of particle size distributions at two different nozzle diam- 
eters (upstream pressure of 133.4 bar and downstream pressure of 97.5 bar). 
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FIG. 13. Comparison of particle size distributions at two different nylon concen- 
trations (upstream pressure of 133.4 bar and downstream pressure of 97.5 bar, and a 
154-pm nozzle diameter). 

while the particles obtained were within the same overall range for both con- 
centrations, an increase in frequency from 48% to 85% of particles less than 2 
km in size was observed with the decrease in concentration. This suggests a 
small concentration dependence. 

Analysis of Recovered Products 

The melting temperatures of the raw nylon from carpet waste and the nylon 
powder from dilution were measured from DSC to be 258°C and 264"C, re- 
spectively. Based on this result, the carpet waste is likely composed only of 
Nylon 6/6 (1 8). The viscosity-average molecular weights (Mu) of raw nylon 
from carpet waste and the nylon powder are approximately 19,000 and 25,000 
g/mol, respectively. Surprisingly, this suggests that the molecular weight in- 
creases. One possible explanation for this unexpected behavior is that the 
lower-molecular-weight nylon fractions and other additives were simply 
washed out through the dilution and filtration process. In all, the M ,  of the re- 
covered nylon material is estimated to be roughly between 19,000 and 25,000 
g/mol. In order to further examine the structure of the recovered product and 
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FIG. 14. FTIR spectrum of nylon material recovered through dilution (A: N-H, 
B: C-H, C: c----O, D: C-H). 

the residual solvent content, FTIR spectroscopic investigations were 
performed as shown in Fig. 14. The characteristic amide bonds of N-H 
and C = O  (19) in the recovered nylon appear at 3300 and 1640 cm-', respec- 
tively. However, the characteristic C=O bond of the solvent formic acid 
cannot be seen at 1700 cm-', suggesting that although formic acid can 
hydrogen-bond with the nylon, it is easily displaced during recovery and 
drying. Therefore, the nylon in this waste carpet was composed only of 
Nylon 6/6 as determined by DSC, and the experiments demonstrate that this 
process shows promise in delivering a high-purity nylon product from waste 
carpet. 

CONCLUSIONS 

A new process for the separation of nylon from carpet waste using selective 
dissolution and SCF antisolvent precipitation was described. The process pro- 
ceeds in three stages: (1) selective dissolution of nylon from the carpet with a 
liquid solvent, (2) collection of the nylon product through SCF antisolvent 
precipitation, and (3) separation and recycle of the solvent and antisolvent 
through a phase change induced by a change in density. Investigations of the 
SCF antisolvent precipitation (stage 2) were performed and convenient recov- 
ery of the nylon material was achieved, as well as control over the morphol- 
ogy and particle size of the nylon powder. Although exceptions were observed 
at the higher upstream pressures, the particles obtained were typically spheri- 
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cal and less than 20 pm. Multiple experiments were performed to investigate 
the influence of operating variables on the nylon product. The experiments 
showed little influence on the particles’ mean size and size distribution, sug- 
gesting this to be a very controllable process. Furthermore, product analysis 
illustrated that this process shows promise in providing quality nylon product 
from waste carpet material. 
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Abstract 

Postconsumer polyolefin flake has been sorted using liquid carbon diox- 
ide as a float-sink medium. This separation of PP and LDPE from 
HDPE was conducted at ambient temperature and a pressure that yielded 
a C02 specific gravity of 0.955, causing the HDPE to sink and the LDPE 
and PP to float. Although this process provided a high-purity (99+%) 
HDPE product stream, the effect of immersing the plastics in liquid car- 
bon dioxide at these conditions was not previously measured. Therefore, 
six HDPE samples, two LDPE samples, and five PP samples were ex- 
posed to high-pressure carbon dioxide for 20 min. After this exposure, 
the polyolefins did not foam when the carbon dioxide was rapidly vented 
from the vessel. The weight reduction averaged 0.17%, which was at- 
tributed to the dissolution of low-molecular-weight additives or con- 
taminants present on the surface of the plastics. No significant change in 
the melting point or latent heat of melting was observed, indicating that 
the degree of crystallinity was not affected by the exposure to carbon 
dioxide. No reduction was observed in the temperature at which the on- 
set of thermal degradation occurred, b e c a w  the low solubility and 
degree of extraction of thermal stabilizers during the immersion in car- 
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bon dioxide. These results indicated that no deleterious effects on the 
polyolefin properties were associated with this separation technique. 

Key Words: Carbon dioxide; Density; Latent heat of melting; Poly- 
olefins; Microsortation; Recycling; Thermal stability. 

INTRODUCTION 

The recycling of plastics has been accomplished by the dissolution of the mix- 
ture into a solvent and the subsequent series of precipitations, the macrosorta- 
tion of entire containers, or the microsortation of shredded postconsumer 
flake. Each separation technique was based on differences in chemical, me- 
chanical, or physical properties of the plastics (1-5). 

Many technologies have been proposed for the microsortation of postcon- 
sumer containers that have been shredded to reduce storage volume require- 
ments; for example, hydrocyclones can be used to separate polyolefins 
[polypropylene (PP), low-density polyethylene (LDPE), and high-density 
polyethylene (HDPE) are less dense than water] from the nonolefins 
[poly(vinyl chloride) (PVC), polyethylene terephthalate (PET), bulk 
polystyrene (PS) are more dense than water] (4). Other technologies proposed 
for separating these products include flotation (6), float-sink separations with 
gas-liquid mixtures (5), froth flotation (l), separation based on differences in 
dielectric properties (7), x-ray fluorescence scanners for PVC detection, ex- 
posure to electrostatic fields (5) ,  and cryopulverizatiodsize separation (9,lO). 
The PET-PVC separation can also be achieved by immersing both plastics in 
liquid carbon dioxide and flashing the system to ambient pressure. The rapid 
diffusion of carbon dioxide out of the PVC will cause it to foam, enabling it to 
be subsequently sorted from the PET using water as a float-sink medium (1 1).  
The only currently available technology for commercial-scale microsortation 
is based on camera detection of color and/or transparency differences in a 
feedstream (green PET soda bottlwfrom clear PET soda bottles; natural 
HDPE milk jugs from opaque lids) trave-on a conveyor belt (12). After 
identification, precise pneumatic jets are employed-to direct the “reject” to a 
different collection bin than the desired product as t h e w s s  off the edge of 
the belt (1 2). 

In the 1990s, a new technology was proposed for the efficient mkxosorta- 
tion of postconsumer plastics (13-15). The flake was sorted in a seriesof 
float-sink separations, as illustrated in Fig. 1. The separation medium was a 
fluid with a density intermediate to the densities of the plastics being sorted; 
for example, water [specific gravity (SG) = 11 was used in the initial step to 
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FIG. 1. Flow diagram for the float-sink separation of recyclable thermoplastics. 

separate the “light” polyolefins and foamed polystyrene (HDPE, LDPE, PP, 
foamed PS) from the “heavy” nonolefins (bulk PS, PET, PVC). The bulk 
polystyrene was then removed as a “light” from the PET-PVC mixture using 
salt water as the float-sink medium. PVC and PET were then sorted by den- 
sity using sulfur hexafluoride as the separation medium. The postconsumer 
polyolefin mixture was refined into an HDPE-densified PS “heavy” product 
and an LDPE-PP “light” stream using liquid carbon dioxide as the separation 
medium. The PP and LDPE could be further refined using carbon dioxide, if 
desired. The HDPEclensified PS mixture could also be further sorted using 
water as the float-sink medium. The bulk PS and the densified PS could then 
be combined to form a PS mixture product. 

The most promising aspect of this technology has been the microsortation 
of polyolefins using carbon dioxide. Table 1 shows that the density of carbon 
dioxide can be adjusted via pressure to a value that is intermediate to HDPE 
and LDPE, or LDPE and PP. The density range for each plastic was based on 
postconsumer samples obtained from multiple sources (Le., HDPE milk jug, 
HDPE shampoo bottle, HDPE detergent container, etc.). Figure 2 illustrates 
the six steps of a typical high-pressure batch microsortation (15). This diagram 
illustrates that the separation can only be accomplished if the density of the 
carbon dioxide, pf, is greater than the density of the less dense plastic, pz, but 



TABLE 1 
Density Ranges of Postconsumer Polyolefins and COz 

Sources Density (kg/m3) Plastic or fluid 

Polypropylene 
Low-density polyethylene 
High-density polyethylene 
C 0 2  at 298 K and 6.44-69 MPa 

13 9 16-925 
10 935-955 
34 956980 

780-1 000 

Source: Ref. 15. 

MIXED 
FEED IN 

“LIGHTS” SINK 

\ /  

REMOVAL OF 
“LIGHTS and 
“HEAVIES” 

FIG. 2. The six-step batch microsortation process. 
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lower than the density of the more dense plastic, ph. The viscosity of liquid 
carbon dioxide is approximately one-tenth that of water, resulting in increased 
velocities of the plastic particles as they fall or rise through the carbon diox- 
ide. Polyolefins are hydrophobic; therefore, the carbon dioxide can easily dis- 
place any residual water from the flake and dissolve small amounts of water 
or residual oil found on the surface of the plastic. Upon removal from the high- 
pressure environment, the carbon dioxide will rapidly diffuse out of the flake, 
leaving no residue behind. Other attributes of this colorless, odorless fluid in- 
clude its low cost, nonflammability, nontoxic nature, and non-VOC classifi- 
cation. The foremost economic disadvantage of a carbon-dioxide-based mi- 
crosortation process is the high capital cost associated with high-pressure 
equipment. The primary safety concern is the oxygen displacement/dilution 
upon sudden release of large amounts of carbon dioxide into the room if there 
is a catastrophic equipment failure, such as a ruptured pipe, gasket, or pressure 
vessel weld. The most common safeguards employed to prevent such releases 
are the ventilation of the area containing the high-pressure equipment and the 
inclusion of pressure relief valves or burst plates into the apparatus. These re- 
lief devices are vented, allowing any carbon dioxide that is released through 
them to be discharged safely to the environment. 

Separations of postconsumer mixtures (85% HDPE and 15% LDPEPP) 
have yielded HDPE products with 99 + % recovery and purity in lab-scale ex- 
periments; see Fig. 3 (15). One hundred percent purity was not attainable, 
however, because a few “heavy” flakes were lifted into the “lights” product by 
groups of the “light” flakes while several “light” flakes were forced into the 
“heavies” product by sinking groups of the “heavy” flakes. These effects were 
minimized by slightly agitating the plastic bed during the separation process 
with a slowly spinning, close clearance impeller. Estimates of process costs at 
the commercial scale fell into the $0.07-0.09/kg range (15) for the batch mi- 
crosortation of clean, dry flake. These technical and economic results are fa- 
vorable enough to permit the current development of this process at the pilot 
scale. 

The polyolefin flake was sorted using the six-step procedure illustrated in 
Fig. 2. The mixed feed was metered into the empty vessel through a rotary 
feeder and a high-pressure ball valve (Step 1). This feed ball valve was then 
closed and the carbon dioxide was introduced until the desired fluid density 
was attained (Step 2). A slowly spinning close clearance impeller was used to 
slightly agitate the particles, enabling them to float or sink (Step 3) .  The lights 
and heavies were permitted to accumulate (Step 4), and the carbon dioxide 
was vented from the vessel (Step 5). High-pressure ball valves were then 
opened, allowing the separated fractions to be recovered (Step 6). 

Although it has been demonstrated that the high recovery and purity of 
HDPE product can be obtained in this manner, the effects of immersion in 
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FIG. 3. The lab-scale, high-pressure, microsortation batch process. 

C02 on the physical properties of the flake have not been previously deter- 
mined. Significant changes in the properties of a piece of plastic exposed to 
liquid carbon dioxide would need to be accounted for prior to being used as a 
feedstream for the manufacture of items with a specified postconsumer con- 
tent. For example, the extraction of additives used to inhibit the effects of ra- 
diation, thermal degradation, or oxidation would diminish the mechanical in- 
tegrity of the final product unless these additives were reintroduced. The large 



C02-BASED MICROSORTATION OF POLYOLEFINS 439 

reductions in plastic density due to foaming upon removal from the high-pres- 
sure environment would necessitate increased volumetric feed rates to main- 
tain the desired mass flow rate of the product. 

OBJECTIVE 

The objective of this study was to determine the effect of immersion in liquid 
carbon dioxide on the properties of postconsumer polyolefins. Postconsumer 
plastic flake from six HDPE sources, two LDPE sources, and five PP sources 
were selected as representative samples. The change in weight of each flake 
was measured to determine if a significant amount of low-molecular-weight 
(MW) additives or surface impurities were removed from the plastic. The den- 
sity of the plastic was determined after the separation to determine if any 
foaming of the plastic had occurred. The melting point and latent heat data 
were used to determine if the degree of crystallinity had been altered by the 
exposure to carbon dioxide. The onset of thermal degradation by thermo- 
gravimetric analysis (TGA) of the plastics was measured to determine if the 
extraction of thermal stabilizers had occurred. A significant decrease in the 
density, degree of crystallinity, or thermal stability of the products would have 
indicated that the carbon-dioxide-based microsortation would have to be ac- 
counted for in subsequent processing of this material in products with post- 
consumer plastic content. The extraction of ultraviolet (UV) stabilizers was 
not evaluated. 

EXPERIMENTAL 

Postconsumer Plastics 

Small pieces, approximately 0.5-cm squares, were cut from the clean, dry, 
HDPE, LDPE, and PP containers listed in Table 2. A brief description of these 
samples is provided. 

Fluid 

Bone-dry grade liquid carbon dioxide (99.9%) from Praxair was used in all ex- 
periments. 

Exposure 

The 13 samples (combined mass of approximately 260 mg) were placed on the 
top of a packed bed of stainless-steel balls (volume of balls = 100 cm3) within 
a 1-L high-pressure vessel (Fig. 3). The vessel was then charged with about 
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TABLE 2 
Change in the Properties of Postconsumer Thermoplastics Due to Immersion in Dense Carbon Dioxide 

P P T, T, AH AH Tdegrad Tdegrad 
A Wt. (kg/m3) (kg/m3) Ap (K) (K) AT, (J/g) (J/g) MAW (K) (K) ATdegrad 

Plastic (%) unexp. exp. (%) unexp. exp. (K) unexp. exp. (%) uuexp. exp. (K) 

HDPE 
Cool Whip 
Era Detergent 
Flex Shampoo 
Pharmor H202  
Ultra Downy Softener 
Giant Eagle Milk Jug 

Cool Whip Lid 
French's Mustard 

Italian Oven Cup 
Land '0 Lakes Sour Cream 
Soda Bottle Cap 
Reynold's Deli Container 
Prescription Bottle 

LDPE 

PP 

-0.12 
-0.16 

0.00 
0.00 

-0.26 
-0.33 

-0.09 
-0.20 

-0.10 
-0.37 
-0.37 
-0.85 
-0.24 

945.9 
958.3 
945.9 
953.2 
958.3 
951.1 

927.9 
933.1 

905.0 
913.6 
907.1 
909.6 
907.1 

950.2 0.45 
962.5 0.44 
950.2 0.45 
951.7 0.47 
962.5 0.44 
955.3 0.44 

930.0 0.23 
936.5 0.36 

906.9 0.21 
918.6 0.55 
910.6 0.39 
915.1 0.60 
910.6 0.39 

395.87 
395.85 
394.88 
394.76 
396.27 
398.91 

384.25 
376.71 

416.62 
425.93 
427.79 
427.98 
428.40 

395.32 
395.51 
395.52 
395.41 
395.37 
397.51 

383.98 
377.37 

417.06 
426.18 
427.98 
427.18 
426.52 

-0.55 
-0.34 

0.64 
0.65 

-0.90 
- 1.40 

-0.27 
0.66 

0.44 
0.25 
0.19 

-0.80 
-1.88 

167.20 
160.80 
167.80 
180.00 
194.60 
210.90 

140.60 
114.80 

80.34 
87.25 
85.06 
99.73 

100.60 

171.90 
168.80 
161.10 
184.10 
194.00 
212.00 

140.90 
106.90 

80.42 
88.21 
79.92 
98.04 
95.93 

2.73 
4.98 

-3.99 
2.28 

-0.31 
0.52 

0.21 
-6.88 

0.10 
1.10 

-6.04 
-1.69 
-4.64 

704.58 
702.02 
701.91 
700.03 
696.63 
696.87 

682.64 
689.25 

675.12 
674.93 
674.43 
672.31 
638.73 

700.79 
699.29 
702.27 
703.76 
696.39 
696.39 

684.65 
688.14 

675.12 
674.93 
673.52 
667.88 
635.11 

-3.79 
-2.73 

0.36 
3.73 

-0.24 
-0.48 

2.01 7;; 
-1.11 D n 

0.00 z 
-0.91 -D 

-3.62 g 

0.00 5 
-4.43 2 

n 
U 

Note: Wt. = weight; p = density; T, = melting point; AH = heat of melting; Tdegrnd = temperature of onset of thermal degradation; unexp. = the unexposed sample- 
prior to immersion in liquid carbon dioxide; exp. = the exposed sample-24 h after exposure to liquid carbon dioxide. D 

Z 
0 
m z 
0 
ii 
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900 cm3 of carbon dioxide at 293 K to a pressure of 27.58 MPa (4000 psi) for 
20 min. This loading (plastic volume/vessel volume) was much lower than 
that realized in our previous lab-scale separations (15); therefore, our results 
should be conservative in that the carbon dioxide is present in greater amounts 
than that experienced in future pilot-scale and commercial-scale operation. 
(Plastic loadings of 50 vol% are proposed for commercial operation.) The ves- 
sel was then vented, resulting in the rapid elimination of the liquid carbon 
dioxide. The particles were then removed from the vessel. The rapid depres- 
surization led to a cooling; therefore, the flake retained a small amount of “dry 
ice” and moisture from the environment after being removed from the vessel. 
The weight of the particles was measured hourly until no detectable change in 
weight was observed (+0.0001 g). It was determined that 24 h was sufficient 
for the evaporation of water from the plastic and the diffusion of carbon diox- 
ide from the plastic, as evidenced by the constant weight of the samples that 
were dried for this amount of time. 

Weight 

The change in weight of the individual pieces of plastic was determined using 
a Mettler balance with a precision of 0.0001 g. Although the polyolefins are 
insoluble in carbon dioxide at these conditions, other constituents of the plas- 
tic flake could be soluble in carbon dioxide. Surface dirt or water could dis- 
solve in the carbon dioxide or be displaced from the plastic by the liquid car- 
bon dioxide. Plastic additives, such as UV absorbers, antioxidants, acid 
acceptors, thermal stabilizers, lubricants, flame retardants, and dyes, have 
much lower M W s  than polypropylene or high-density polyethylene and could 
exhibit slight solubility in dense carbon dioxide. 

Density 

Although it has been established that the polyolefins do not swell or foam dur- 
ing short exposures to high-pressure carbon dioxide (13-1 5), changes in plas- 
tic density upon removal from this environment were not previously investi- 
gated. Therefore, the density of each plastic piece was determined in a 
100-cm3, high-pressure, variable-volume view cell. Each particle was quickly 
immersed in liquid carbon dioxide. The system density was then adjusted un- 
til the particle was suspended in the fluid. The particle density was estimated 
to be equivalent to the fluid density, which was estimated from the 
Lawal-Lake-Silberberg equation of state (16). The sample was then subjected 
to the 20-min immersion conditions, and then the cell was vented. After 24 h, 
the plastic density was estimated again. 

These results are qualitative in nature because the density of the plastic is 
altered by the carbon dioxide that is absorbed into the plastic under high-pres- 
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sure conditions and the mechanical compression of the sample. The main ob- 
jective of this experiment, however, was to determine if any foaming of the 
polyolefins would occur during the depressurization of the system. PVC, for 
example, shows a significant decrease in density due to irreversible foaming 
which occurred during the sortation in liquid carbon dioxide (1 1). 

Melting Point and Latent Heat 

The melting point and latent heat of melting for the exposed and unexposed 
samples were determined by differential scanning calorimetry (DSC). A TA 
Instruments DSC 2910 was used at ambient pressure in all experiments. The 
system was initially cooled with liquid nitrogen to a temperature 70-80 K 
lower than the nominal glass transition temperature of the polymer. The tem- 
perature was then ramped at 20 Wmin until the melting point was passed. The 
sample was then cooled at 60 Wmin and rescanned in order to obtain data on 
samples with a known thermal history. 

Onset of Thermal Degradation 

A TA Instruments high-resolution TGA 2850 was used to determine the onset 
of thermal degradation using thermogravimetric analysis with nitrogen purge. 
Individual samples were equilibrated at 473 K, and then their weight was con- 
tinuously monitored as the temperature was increased at 3 Wmin to 773 K. 
The temperature of the onset of thermal degradation was estimated by extrap- 
olating the linear portion of the percentage weight versus temperature data 
back to 100% weight. 

RESULTS 

All of the results of this study are presented in Table 2. 

Weight 

The weight loss for the samples due to immersion in liquid carbon dioxide was 
in the 0-0.85% range. Because the polymers are essentially insoluble in liquid 
carbon dioxide at these conditions, this weight loss can be attributed to the ex- 
traction of low-molecular-weight additives (but not thermal stabilizers, as 
shown in a subsequent section) and/or impurities on the surface of the Sam- 
ples. 

Density 

The density of the samples increased by 0.21455% after immersion in liquid 
carbon dioxide. This slight increase may be attributed to the mechanical 
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compression of the samples. There was no indication of foaming of any 
sample. 

Melting PointlLatent Heat 

The melting point remained consistent for all samples, as indicated by the de- 
viations being less than the l K precision of the measurement. This was ex- 
pected because the exposure of the sample to liquid carbon dioxide did not al- 
ter the composition of the polymer. The experimental melting temperatures 
reported are lower than the values of the equilibrium melting temperature re- 
ported in the literature, as should be expected (17). These published equilib- 
rium melting temperatures are those for perfect crystals comprised of infinite- 
molecular-weight chains ( 17). The postconsumer samples were neither 
infinite in molecular weight nor able to form perfect crystals; consequently, 
the melting point was lower. 

The differences between the latent heats of the exposed and unexposed 
samples for the same thermal history were also within the 5% precision of the 
apparatus. Therefore, no significant change in the degree of crystallinity oc- 
curred as a result of immersion in liquid carbon dioxide. [The degree of crys- 
tallinity for any sample can be estimated by dividing the heat of melting by the 
latent heat of the crystalline solid, 232 J/g polyethylene and 209 J/g 
polypropylene ( 17).] 

Onset of Thermal Degradation 

The most important property to be considered in this study was the onset of 
thermal degradation. A decrease in the thermal stability could be caused by the 
extraction of stabilizers into the carbon dioxide. The change in mass results in- 
dicated that approximately 0.2 wt.% of the sample was removed due to expo- 
sure to the dense C02. If the lost mass consisted of thermal stabilizers, a sig- 
nifica_nt decrease in thermal stability could have occurred. This would render 
the sorted plastics unacceptable to manufacturers unless the stabilizers were 
reintroduced. The TGA results clearly indicated, however, that no discernible 
change in thermal stability occurred. All of the changes were within the 5 K 
precision of the measurement. 

CONCLUSIONS 

Polyolefins can be efficiently sorted using liquid carbon dioxide as a 
float-sink medium. The immersion of the flake in the high-pressure fluid at 
separation conditions has no deleterious effect on the properties of the plastic. 
Very small decreases in weight and increases in density were observed. No 
significant changes in the melting point, latent heat of melting, or onset of 
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thermal degradation were detected. Therefore, a high-purity HDPE stream ob- 
tained from the carbon-dioxide-based microsortation of mixed polyolefins can 
be used as a feedstream for the manufacture of items with a specified post- 
consumer HDPE content. 
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Abstract 

A novel process called solid-state shear pulverization (S3P) has been de- 
veloped at Northwestern University to recycle single or commingled 
postconsumer or preconsumer polymeric waste without sorting by type 
or color. This continuous, one-step process converts shredded plastic or 
rubber waste into controlled-particle-size powder ranging from coarse 
(10 and 20 mesh) to fine (80 mesh) or ultrafine (200 mesh). As a result, 
the pulverization product is usable in applications ranging from direct 
injection molding without prior pelletization, to rotational molding, to 
use in protective and decorative powder coatings, as well as to blending 
with virgin resins and compounding with additives. Scanning electron 
microscopy reveals that the fine particles have a unique elongated shape 
that is attributed to the high shear conditions occurring during the pul- 
verization process. Injection-molded parts made from the powder prod- 
uct of the S3P process have mechanical and physical properties compa- 
rable to or better than the properties resulting from direct conventional 
processing of recycled single or commingled plastics. In addition, the 
parts made from the powder product of the S3P process are uniform in 
color, whereas parts injection-molded from multicolored recycled feed- 
stock without prior pulverization via the S3P process are streaked, re- 
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ducing their commercial applicability. The improved mixing achieved 
via the S3P process is often accompanied by scission of the carbon-chain 
backbone of the polymers involved, as revealed by the generation of free 
radicals during S3P processing, associated mechanochemistry, and mod- 
ification of the melt flow rate of the polymers by the S3P process. The 
implications of this chain scission process for in situ compatibilization 
of commingled plastic waste via S3P processing are discussed. 

Key Words: Plastics; Recycling; Pulverization; Mechanochemistry; 
Powders. 

INTRODUCTION 

The amount of plastics in the municipal solid waste (MSW) stream, both in 
absolute weight and as a percentage of total waste, is growing. The U.S. En- 
vironmental Protection Agency (1) reported that of a total of 208 million tons 
of MSW generated in 1995, plastics contributed 19.0 million tons or 9.1% by 
weight. Plastics in the MSW stream are projected to increase to 20.9 million 
tons in the year 2000 and to 24.7 million tons in the year 2010, accounting for 
9.7% by weight of MSW. As a result of this growth in waste plastics, the plas- 
tics industry is committed to increase the rate of plastics recycling. As evi- 
dence of this commitment, according to the American Plastics Council (2) 
resin producers in the United States invested more than $1 billion from 1990 
through 1995 in the reclamation and recycling of postconsumer and postin- 
dustrial plastics. Although some success has been achieved in plastics recy- 
cling as a result of this investment, most notably through blending of recycled 
high-density polyethylene (HDPE) with virgin HDPE and the use of recycled 
polyethylene terephthalate (PET), in reality the potential for plastics recycling 
has been largely unrealized. Among the factors contributing to this unrealized 
potential are the costs associated with sorting, cleaning (to remove original 
product residue and labels), grinding, and pelletizing (by melt extrusion) re- 
cycled plastics and problems with incompatibility of recycled plastics that 
have not been sorted into single-species materials. 

Here, we present results achieved in recycling both single-species and un- 
sorted, commingled plastic waste with a novel, continuous, one-step process 
called solid-state shear pulverization (S3P). This mechanochemical, size-re- 
duction process is based on high-pressure shear deformation. Unlike conven- 
tional recycling processes using sorting and size-reduction techniques fol- 
lowed by melt extrusion, S3P produces powders that can be used to make 
high-quality products for various applications and markets, ranging from di- 
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rect injection molding, to rotational molding, to powder coatings. Further- 
more, the S3P process allows for simple compounding or blending with virgin 
resins during the pulverization process, along with homogenization of color 
for unsorted, multicolored feedstock. 

The basic principles of S3P have their origins in another principle of disin- 
tegration of plastics called elastic strain-assisted grinding developed at the 
Academy of Science in Moscow, Russia, where it was determined that elastic 
strain-assisted high-temperature grinding produced fine powders at lower en- 
ergy requirements that that of cryogenic grinding. [This idea, in turn, has its 
origin in work done by Bridgman (3) in 1935, who studied transformation of 
solids under high shear and pressure.] Further research of the behavior of vir- 
gin polymeric materials, both thermosets and thermoplastics, under combined 
application of high shear and pressure using extrusion devices was conducted 
under the direction of the late N. S. Enikolopian (4,5). These researchers indi- 
cated that although the mechanism of the powder production process was not 
well understood, their data and physical observations supported the notion that 
polymers were pulverized by a sudden “rheological explosion”-type mecha- 
nism, similar to that found by grinding with Bridgman anvils. 

In the S3P process, plastics are processed at temperatures below their melt- 
ing points (in the case of crystalline or semicrystalline polymers) or glass tran- 
sition temperatures (in the case of amorphous polymers). The S3P process uti- 
lizes a pulverizer that compresses the solid-state polymer at pressures equal to 
0.2-0.7 MPa and then conveys the polymer at shear stresses from 0.03 to 5 
N / m 2  and pressures up to 50 MPa to a discharge. By controlling the temper- 
ature and process parameters, optimal fragmentation of the feedstock occurs, 
resulting in powder production of a given size range. Often accompanying this 
powder formation is the scission of bonds in the polymer backbone. This has 
been confirmed by measurement with electron spin resonance (6) of free-rad- 
ical generation via the S3P process and by observation by gel-permeation 
chromatography of a significant reduction in number-average molecular 
weight and polydispersity of polystyrene after pulverization (7). Finally, nu- 
clear magnetic resonance spectroscopy (8) has revealed the formation of long- 
chain branches in linear low-density polyethylene (LLDPE) which has under- 
gone S3P processing, the equivalent of the formation of graft copolymers in 
blends. 

In the present study, we report on the powder characteristics resulting from 
S3P processing of single and commingled poly olefin waste. Additionally, we 
provide details on the mechanical and physical properties of injection-molded 
parts produced from S3P-processed polymeric waste, demonstrating that rea- 
sonable properties can be achieved in materials made from multicomponent, 
commingled, traditionally incompatible polymeric waste when the S3P pro- 
cess is employed. 
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RESULTS AND DISCUSSION 

Highly crystalline polymers such as HDPE are traditionally troublesome to 
make into fine powders. In fact, Enikolopian and co-workers (9) indicated that 
it was impossible to pulverize HDPE into powders using their elastic-strain- 
assisted, high-temperature grinding approach. However, by employing high 
shear conditions and a temperature of 0°C in the solid-state shear pulverizer at 
Northwestern University, powder from 100% postconsumer recycled HDPE 
is easily made. Table 1 provides a sieve analysis (measurements made with a 
Gilson ultrasonic autosiever) of the resulting HDPE powder showing that just 
under 50% of the powder had a size of 125 pm or smaller. Using the same 
high-shear and temperature conditions, the sieve analysis of an S3P-processed 
70/30 mixture of 100% recycled HDPE/polypropylene (PP) reveals quite sim- 
ilar powder characteristics. (See Table 2.) The only key difference is associ- 
ated with the reduction in the amount of the most coarse powder (35 mesh or 
> 500 pm) in the 70/30 HDPE/PP mixture from 15.3% to 7.7%, compensated 
for by increases in the amounts of 50- and 80-mesh powder. The fact that there 
was a reduction in the amount of the coarsest powder upon addition of PP to 
HDPE is not unexpected, as PP, with a lower crystallinity than that for HDPE, 
is much more pulverizable than HDPE. This is evidenced by the fact that un- 
der less severe conditions of shear in the pulverizer, it is impossible to produce 
substantial powder from HDPE, whereas it is possible to produce a relatively 
coarse powder from PP. Table 3 shows the sieve analysis of a coarse powder 
produced from 100% recycled PP at relatively low-shear conditions where it 
is not possible to produce powder from HDPE. Under the conditions of rela- 
tively low shear, less than 3% of the PP powder has a size of 125 pm or finer. 
This demonstrates that although there is substantial tunability of powder size, 

TABLE 1 
Sieve Analysis of 100 % Postconsumer Recycled 

HDPE (High-Shear S3P @ O O C )  

Mesh Size (Fm) Weight % 

35 
50 
80 

120 
200 
270 
450 
Fines 

500 
300 
180 
125 
75 
53 
32 

15.3 
15.5 
23.3 
11.6 
17.6 
6.7 
6.5 
3.6 
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TABLE 2 
Sieve Analysis of 100% Postconsumer Recycled 

70/30 HDPEPP (High-Shear S3P @ OOC) 

Mesh Size (km) Weight 70 

35 
50 
80 

120 
200 
270 
450 
Fines 

500 7.7 
300 18.4 
180 27.2 
125 12.8 
75 14.7 
53 7.1 
32 6.9 

5.1 

achieved by controlling the S3P processing parameters, the parameters needed 
for particular powder characteristics are strongly polymer dependent. Never- 
theless, with appropriate process optimization, it is possible to prepare pow- 
ders from 100% recycled feedstock that meet requirements for direct injection 
molding (10 mesh) without pelletization (to avoid additional heat history and 
property degradation), rotational molding (average of 35 mesh), and protec- 
tive and decorative powder coatings (80 mesh or finer). 

In addition to the controlled production of differently sized powders via the 
S3P process, scanning electron microscopy of powders has revealed interest- 
ing characteristics of the shapes of the particles. Whereas flakes or chips of 

TABLE 3 
Sieve Analysis of 100 % Postconsumer Recycled 

PP (Relatively Low-Shear S3P @ O O C )  

Mesh Size (km) Weight % 

35 
50 
80 

120 
200 
270 
450 
Fines 

500 
300 
180 
125 
75 
53 
32 

75.67 
14.26 
6.38 
2.01 
0.84 
0.67 
0.17 
0.00 



450 KHAIT AND TORKELSON 

(as-received) recycled feedstock have sharp, angular surfaces resulting from 
blade-grinding processes, all pulverized materials have smooth surfaces, in- 
dicative of a solid-shearing process. Fine powders resulting from S3P pro- 
cessing have a unique, elongated shape (see Fig. l), whereas larger fluff con- 
sists of fibrous, easily peeled particles. 

Physical and mechanical properties of the S3P-made coarse-powder mate- 
rials were tested on ASTM specimens prepared with a 1-oz. Battenfeld injec- 
tion-molding machine and a four-cavity family mold. Typical molding condi- 
tions were as follows: barrel temperatures of 320400"F, mold temperature of 
100"F, injection pressures of 200-600 psi, and holding pressures of 250-500 
psi. Molded specimens were tested in accordance with ASTM D638 (tensile 
strength), ASTM D256 (impact strength), ASTM D790 (flexural strength), 
ASTM D468 (heat distortion temperature), ASTM D2340 (hardness), and 
ASTM D1238 (melt flow rate). Results for recycled homopolymers (flake and 
pulverized) and for mixtures of commingled, recycled plastics (flake and pul- 
verized) are given in Tables 4 and 5, respectively. 

Table 4 illustrates no deterioration in tensile strength, elongation, Izod im- 
pact strength, and flexural modulus and strength for parts injection-molded 
from pulverized (from flake) recycled HDPE, LLDPE, and polypropylene 
(PP) as compared to parts molded from the (as-received) flake recycled ho- 
mopolymers. In fact, in one case, that of LLDPE, there was a significant im- 
provement in elongation for the pulverized material as compared to the as-re- 
ceived flake, increasing by a factor of 5-6. This is particularly important given 
the fact that elongation properties are often found to decrease in recycled ma- 
terials. 

Table 5 provides a range of mechanical properties for mixtures of recycled 
polyolefins as well as PET, polystyrene (PS), and poly(viny1 chloride) (PVC). 
Also listed at the bottom of the table are data for several virgin polyolefin ho- 
mopolymers. Several points of importance may be noted from this table. 

First, it is well know that HDPE and PP are incompatible and that typically 
only up to 10 wt.% PP can be added to HDPE by conventional melt blending 
(10) while maintaining reasonable mechanical integrity of the blend. How- 
ever, the S3P process allows up to 30 wt.% incorporation of PP into HDPE 
while maintaining reasonable, although not necessarily optimal, mechanical 
properties. Similar observations can be made regarding copulverized blends 
of LLDPE and PP. As a further indication of their mechanical integrity, these 
traditionally strongly incompatible blends exhibited good surface appearance 
and did not exhibit delamination upon breaking. 

Second, in a number of cases for the HDPELLDPE and HDPELLDPEPP 
blends, the copulverized samples exhibited significant improvement in elon- 
gation properties as compared to the samples directly molded from the recy- 
cled flake. For example, in the case of the 40/60 HDPELLDPE system, the 
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FIG. 1. Scanning electron micrographs at (a) low and (b) high magnifications 
(see 100-pm size scale on each micrograph) of powder resulting from solid-state shear 
pulverization of recycled HDPE. 



TABLE 4 
Key Properties of Postconsumer Polyolefins-Effect of S3P Process 

Tensile properties Flexural properties 

Yield Ultimate % Izod impact Modulus Strength 
Feedstock (MPa) Elongation (JW ( M W  (MPa) 

HDPE-not processed - 22.3 2 1.2 12 2 3 27 2 2 - - 
by S3P 

S3P 

by S3P 

- HDPE-processed by 22.0 t 0.3 16 ? 4 27 2 1 1050 2 100 36.2 t 0.3 

LLDPE-not processed 13.6 t 0.9 - 33 2 30" 42 2 3 - - 

LLDPE-processed by 13.4 2 0.6 - 190 2 9" 37 2 1 540 ? 17 21.8 2 0.2 
S3P T 

PP-not processed by 33.3 ? 0.6 - 330 ? 160" 37 ? 3 1900 +- 120 59.3 2 1.7 2 
S3P -I 

5 PP-processed by S3P 32.5 2 0.1 - 375 2 250" 32 2 3 1710 * 70 64.3 2 1.0 

" Crosshead rate of 0.2 in./min. 
V 
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TABLE 5 
Key Properties of Blends of Postconsumer Plastics and Comparison to Properties of Virgin Polyolefins 

Feedstock 

Tensile properties Flexural properties 

Ultimate % Izod impact Modulus Strength 
S3P (MP4 Elongation ( J W  (MPa) (MPa) 

HDPEPP 90/ 10 
HDPEPP 80/20 
HDPEIPP 70130 
LLDPEPP 80120 
LLDPEIPP 70/30 
HDPELLDPE 60/40 
HDPELLDPE 60/40 
HDPELLDPE 40/60 
HDPELLDPE 40/60 

Yes 
Yes 
Yes 
Yes 
Yes 
No 
Yes 
No 
Yes 

HDPE/LLDPE/PP 60130/10 
HDPELLDPEIPP 60/30110 
HDPELLDPEPPPVC 

5513011015 

No 
Yes 
Yes 

19.8 
20.1 
19.6 
12.9 
12.9 
19.6 t 0.5 
18.1 t 0.4 
17.4 t 0.3 
16.4 t 0.1 

(yield) 
18.5 t 0.4 
19.2 t 0.9 
16.5 

12 
9 
8 

12 
8 

13 +- 2 
22 -t 6 
17 t 5 

130 t 25 

21 
21 
11 
21 
32 
21 t 2 
27 t 3 
27 t 3 
32 t 2 

880 
860 
960 
490 
510 
810 -+ 20 
760 5 50 
740 -+ 40 
660 -+ 70 

25 
26 
27 
17 
19 
27 
29 
25 
25 

9 t 1  
13 t 2 
13 

21 2 2 
21 " 2  
11 

790 5 70 
970 5 60 
800 

27 
32 
23 

(continued) 
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TABLE 5 
Continued 

Tensile properties Flexural properties 

Ultimate % Izod impact Modulus Strength 
Feedstock S3P (MPa) Elongation (Jim) (MPa) (MPa) 

HDPEILLDPEIPPIPETIPVC Yes 16.1 9 11 980 25 

HDPEJLLDPEIPPPSIPVC Yes 15.6 13 16 810 22 

HDPE/LLDPEIPP/PETIPSI Yes 13.7 6 5 910 22 

HDPEIPETPPIPS Yes 30.8 10 32 1490 46 

40130/5/2015 

50l30/10/5/5 

PVC 40130151151515 

50130110110 
HDPE Q LB5602 copolymer No 20.1 24 380 1120 36 7i 

virgin (Quantum Chem. Co.) I 
LLDPE Q GA601 virgin No 16.5 480 - 

(Quantum Chem. Co.) D 
PP Q 8020 virgin (Quantum No 28.2 38 21 1430 48 0 

Chem. Co.) 

300 13 3 
z 

5! 
7i 
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pulverized material had an elongation at break of 130%, whereas material pro- 
cessed without pulverization had an elongation at break of only 17%, a differ- 
ence of a factor of 7-8. Also noteworthy for this system is the fact that the co- 
pulverized 40/60 HDPELLDPE material exhibited a yield tensile strength 
comparable to the ultimate tensile strength (no yield exhibited) for the mate- 
rial that was not copulverized. Thus, the mechanical response of the copul- 
verized material was qualitatively different from that of the conventionally re- 
cycled material. Smaller, yet significant improvements in elongation 
properties were also observed in copulverized 60/40 HDPELLDPE and 
60/30/10 HDPELLDPERP samples as compared to samples that had not 
been copulverized. 

Finally, four-, five-, and six-component blends of recycled plastics can be 
made via S3P processing which have ultimate tensile strength, hardness, flex- 
ural modulus, and flexural strength properties that are highly competitive with 
the properties of virgin HDPE and LLDPE. The % elongation in these blends 
averages to about 40% of that for the virgin HDPE material, and the Izod im- 
pact strength is typically about half that of virgin PP. Thus, these multicom- 
ponent blends of recycled plastics could be useful in applications where flex- 
ural properties and ultimate tensile strength need to be comparable to common 
virgin polyolefin properties, but where some loss in impact strength and elon- 
gation is acceptable. When impact strength must be preserved to levels com- 
parable to or better than that of virgin PP, greater amounts of PET (see the 
30% PET blend) and reduced levels of LLDPE can restore impact properties 
to values 50% greater than that of a typical virgin PP. Especially important 
about four of the multicomponent blends is the presence of 5 wt.% PVC in the 
blends, including two cases containing 15 and 20 wt.% PET. The fact that S3P 
processing results in uniform, melt-processible powder containing both PET 
and PVC is an important advance in recycling technology, as it known that 
PET waste contaminated with PVC cannot be melt-processed by conventional 
methods due to the high melting temperature of PET; in such cases, PVC de- 
grades at temperatures well below the melt temperature of PET. 

The extraordinary capability of the S3P process for producing materials 
with relatively robust properties starting with complex mixtures of tradition- 
ally incompatible polymers is an issue of current interest. It has been recently 
demonstrated, via characterization of glass transition temperatures for the 
polystyrene-rich phase in PS/PP blends, that mixtures processed via S3P meth- 
ods achieve much more intimate mixing of components than is normally ob- 
served in conventional melt processing alone (7). This effect, along with the 
known capacity of S3P to result in chain scission and to produce reactive free 
radicals, has the potential to lead to a self-compatibilization of the blends via 
block copolymer formation at the phase interfaces. Unequivocal evidence for 
the production of compatibilizing block copolymers as a result of S3P pro- 



456 KHAIT AND TORKELSON 

cessing of incompatible blends is currently being sought by a variety of ap- 
proaches. 

Beyond the issues of mechanical and physical property modification re- 
sulting from solid-state shear pulverization, it is also important to note the ease 
in processing feedstock consisting of a wide variety of melt flow rates once 
the materials have been copulverized. For example, one of the recycled HDPE 
feedstocks studied consisted of multicolored flakes. When these flakes were 
separated by color, the different colors were found to have melt flow rates 
ranging from 12 to 56 g/10 min (at 190°C, 2.16 kg load). However, these vari- 
ations in melt flow rate did not interfere with the conversion via the S3P pro- 
cess of the multicolor HDPE flakes into a homogeneous, pastel-color powder 
(1 1). This homogenization of color via the S3P process may alleviate the prob- 
lems and cost associated with sorting recycled plastics, both single-compo- 
nent materials and blends, by color, as is commonly done at present. Thus, the 
S3P process is not only capable of addressing problems related to deleterious 
effects of recycling on physical and mechanical properties of thermoplastics 
but can also eliminate certain aesthetic problems that may prevent efficient re- 
cycling of thermoplastics. 

Finally, it should be noted that the S3P process may also be applied in the 
recycling of certain thermosets. Limited studies have been done on recycling 
thermoset phenolic and acrylic resins, whereas more substantial work has 
been undertaken in the recycling of used tire materials with this pulverization 
technology (12). In particular, the S3P process has been applied to cross- 
linked rubber from used tires as well as to whole-tire processing (including 
both fiber and tread rubber), yielding fine powders in both cases. Currently, 
used tire rubber is reused conventionally as a filler. However, applications are 
under study with the S3P process in which combinations of used tire rubber 
and postconsumer plastics can be employed as feedstock, yielding materials 
with relatively robust properties while minimizing solid waste output. Thus, 
S3P can be used not only with materials that by design (thermoplastics) are at 
least conceptually simple to reuse with melt-processing methods but also with 
materials (thermosets) typically designed to be used in one form and not re- 
processed again into useful products. 

SUMMARY 

Solid-state shear pulverization technology has important potential for 
converting discarded commingled or single multicolored plastic products, 
postindustrial scrap, or rubber into high-quality powders of leveled color 
that can be used in virtually any existing plastic-fabrication process. This en- 
ergy-efficient, pollution-free technology will facilitate the recycling of both 
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single-component and multicomponent polymeric waste, diverting it from 
landfills. The results illustrated here have confirmed that processing of recy- 
cled polymers by the S3P technique followed by conventional melt-processing 
results in mechanical and physical properties typically no worse than and 
sometimes significantly better than those of polymer recycled by conventional 
techniques alone. Furthermore, certain recycled, copulverized, multicompo- 
nent blends have properties rivaling even those virgin homopolymers. Addi- 
tionally, the S3P process homogenizes the color of multicolor feedstock, elim- 
inating certain aesthetic issues that often stand as roadblocks for the effective 
recycling of plastics. Further study of this technique is underway at North- 
western University, especially with regard to understanding the relationships 
among the processing parameters, the particle size of the resultant powders, 
and the degree of mechanochemistry and molecular-scale compatibilization 
achievable in mixtures of various polymers, both recycled and virgin. Opti- 
mization of the processing for throughput and cost-effectiveness is also being 
performed. 

ACKNOWLEDGMENTS 

The authors are grateful for the financial support of the Department of Com- 
merce and Community Affairs, State of Illinois, Springfield, IL. We would 
like to thank Mr. John Rasmussen at the Polymer Technology Center for sam- 
ple preparation and testing. 

REFERENCES 

1. 

2.  
3. 
4. 
5 .  
6. 
7. 

8. 

9. 

10. 
11. 
12. 

Characterization of Municipal Solid Waste in the United States, EPA Report 
530-R-97-015, May 1997. 
Plast. Prod. Rev., 31 (ApriVMay 1997). 
P. W. Bridgman, Phys. Rev., 48, 825 (1935). 
N. S .  Enikolopian, Pure Appl. Chem., 57, 1707 (1985). 
S. A. Wolfson and V. G. Nikolskii, Polym. Sci. USSR, Ser. B, 36, 861 (1994). 
D. Ahn, K. Khait, and M. A. Petrich, J. Appl. Polym. Sci., 55, 1431 (1995). 
N. Furgiuele, K. Khait, and J. M. Torkelson, Polym. Mater. Sci. Eng., 79, 70 
(1998). 
A. R. Nesarikar, S .  H. Cam, K. Khait, and F. M. Mirabella, J. Appl. Polym. Sci., 
63, 1179 (1997). 
N. S. Yenikolopyan, Ye. L. Akopyan, A. Yu. Kannilov, V. G. Nikolskii, and A. 
M. Khachatryan, Polym. Sci. USSR, 30, 2576 (1988). 
M. A. Wendorf, in Proc. RETEC, 1993, 
K. Khait, in Proc. Ann. Tech. Conf ANTEC ‘96, 1996. 
K. Khait, Rubber World, 226(2), 38 (1997). 





P0LYM.-PLAST. TECHNOL. ENG., 38(3), 459470 (1 999) 

NYLON 66, NYLON 46, AND PET PHASE-TRANSFER- 
CATALYZED ALKALINE DEPOLYMERIZATION AT 
ATMOSPHERIC PRESSURE 

MALCOLM B. POLK,* LEIGHTON L. LEBOEUF, 

HU, and WEN DING 
MUNISH SHAH, CHEE-YOUB WON, XIAODONG 

School of Textile and Fiber Engineering 
Georgia Institute of Technology 
Atlanta, Georgia 30332-0295 

Abstract 

The depolymerization of PET, nylon 66, and nylon 46 at high tempera- 
tures in an autoclave is well known in the patent literature. We sought to 
invent processes for the depolymerization of PET, nylon 66, and nylon 
46 in alkaline solutions at low temperatures and atmospheric pressure. A 
method was developed for the depolymerization of polyethylene tereph- 
thalate (PET) which involved the use of quarternary ammonium salt 
phase-transfer catalysts in saponification processes at atmospheric pres- 
sure and temperatures as low as room temperature. Phenyltrimethylam- 
monium chloride, hexadecyltrimethylammonium bromide, trioctyl- 
methylammonium chloride, and trioctylmethylammonium bromide 
were found to be effective catalysts for the depolymerization of PET in 
5% aqueous sodium hydroxide solutions at temperatures as high as 80°C 
and atmospheric pressure to form terephthalic acid in yields as high as 
93%. The catalyst could be recycled. The alkaline phase-transfer-catal- 
ysis approach was then successfully applied for the depolymerizations 
of nylon 66 and nylon 46. Benzyltrimethylammonium bromide was dis- 
covered to be an effective phase-transfer catalyst in 50 wt.% sodium hy- 
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droxide solution for the conversion of nylon 46 to oligomers. The col- 
lected nylon 46 oligomers were repolymerized using solid-state poly- 
merization techniques to form high-molecular-weight nylon 46. Nylon 
66 fibers were depolymerized in the presence of benzyltrimethylammo- 
nium bromide in 50% sodium hydroxide to form oligomers and a 
monomer. Adipic acid was isolated. 

Key Words: Nylon 66; Nylon 46; PET; Depolymerization; Alkaline 
phase-transfer catalysis. 

INTRODUCTION 

Plastic waste recycling is beneficial because it can lead to a reduction in the 
amount of waste generated, a decreased need for landfills, and a more rational 
utilization of resources. The recycling of PET, nylon 6, and nylon 66 has been 
reviewed recently (1). Recently, the chemical recycling of PET was reviewed 
by Paszun and Spychaj (2). 

An important source of polyethylene terephthalate (PET) for recycling is 
physically cleaned postconsumer bottles ground to form flake, depolymer- 
ized, purified, and repolymerized to form recycled resin bottles. Methanolysis 
is the depolymerization method used by manufacturers such as Hoechst, East- 
man, and duPont (1,2). The flake is treated with methanol under pressure in a 
catalytic process to form dimethylterephthalate (DMT) and ethylene glycol 
(EG). The reaction mixture is heated to a temperature of 180-280°C at 2-4 
MPa pressure. In a typical methanolysis process, heating the mixture of PET 
and methanol to 160-240°C at pressures of 2-7 MPa gave a reported 
monomer yield of 99% in less than 1 h (3) .  Zinc acetate, manganese acetate, 
cobalt acetate, and lead oxide are used as transesterification catalysts. Also, 
depolymerization catalysts such as benzenesulfonic acid, naphthalenesulfonic 
acid, andp-toluenesulfonic acid may be used. After distillation of the DMT re- 
covered by filtration, pure DMT that meets the rigorous requirements for step- 
reaction polymerization is obtained. Ethylene glycol and methanol are recov- 
ered by distillation of the mother liquor. 

Glycolysis (1,2), the second most important commercial method for the de- 
polymerization of PET, is a process which involves the reaction of PET with 
boiling ethylene glycol. Temperatures in the range of 180-250°C and pres- 
sures of 0.1-0.6 MPa have been reported. Because of the reversibility of the 
polyesterification process, the addition of ethylene glycol to PET flake at high 
temperatures results in the formation of the monomers used in the original 
polymerization, EG and bis(hydroxyethy1)terephthalate (BHET). The reaction 
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is catalyzed by transesterification catalysts such as manganese acetate, cobalt 
acetate, sodium acetate, and calcium acetate. Initially, oligomers of polyethy- 
lene terephthalate are formed. The oligomers are separated by filtration. Cool- 
ing of the filtrate, which contains BHET and EG, results in the formation of 
crystals of BHET that are collected by filtration. The filtrate is distilled in or- 
der to isolate excess EG. Properly purified BHET may be polymerized to form 
PET, which is almost equivalent to virgin PET. PET oligomers obtained may 
be purified and repolymerized or used for the manufacture of unsaturated 
polyester resins (2). 

Waste PET (1) may be depolymerized with strong acids such as sulfuric 
and nitric acids at high temperatures. The depolymerization of PET with 87% 
sulfuric acid requires several minutes. The reaction mixture is poured into wa- 
ter to precipitate terephthalic acid. Ethylene glycol is obtained by extraction 
of the mother liquor with trichloroethylene followed by distillation. 

Caustic treatment of polyester scrap involves cleavage of the ester linkages. 
The reaction of aqueous sodium hydroxide (8-10% by weight) with waste ma- 
terial in an autoclave at 210-250°C and elevated pressure goes to completion 
in about 3-5 h (4). The rate of hydrolysis may be enhanced by the presence of 
accelerants (5,6). Terephthalic acid and ethylene glycol may be recovered 
from the solution. Hall (5) used cetyl trimethylammonium bromide and lauryl 
dimethylbenzylammonium chloride as accelerants for the caustic reduction of 
PET. 

Recently, Uku et al. (7) reported the recovery of terephthalic acid and ethy- 
lene glycol by hydrolysis of PET with equivalent or excess alkalis in alco- 
hol-ether mixed-solvent systems. They reported a 95% decomposition rate 
for the hydrolysis of PET pellets with potassium hydroxide in ethanol-diox- 
ane over 30 min at 50°C. 

The depolymerization of nylon 66 and nylon 46 involves hydrolysis of the 
amide linkages which are vulnerable to both acid- and base-catalyzed hydrol- 
ysis. In a duPont patent (8), waste nylon 66 was depolymerized at a tempera- 
ture of at least 160°C in the presence of a propyl or butyl alcohol with an aque- 
ous solution of sodium hydroxide in the amount of at least 20% excess 
equivalents of the acid component to be recovered. Thorburn (9) depolymer- 
ized nylon 66 fibers in an inert atmosphere at what was reported to be a su- 
peratmospheric pressure of up to 1.5 MPa and at a temperature in the range of 
160-220°C in an aqueous solution containing at least 20% excess equivalents 
of sodium hydroxide. 

At the 2nd Annual Conference on Recycling of Fibrous Textile and Carpet 
Waste (lo), Kasserra of the duPont Company reported a relatively new pro- 
cess for the recycling of nylon 66 called ammonolysis. The ammonolysis pro- 
cess can be applied to the recycling of nylon 6 and nylon 66 (1 1). The am- 
monolysis process utilizes nylon fiber waste from carpets and automotive 
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parts. First, the nylon fiber is separated and the reclaimed nylon is melt ex- 
truded. The molten nylon is reacted with ammonia to form adiponitrile 
(ADN), hexamethylene diamine (HMDA), 5-cyanovaleramide (CVAM), 6- 
aminocaproamide (ACAM), 6-aminocapronitrile (6ACN), and caprolactam 
(CL) at a pressure of -7 MPa and temperatures in the range of 300°C. After 
separation and removal of CL by fractional distillation, the crude monomers 
undergo hydrogenation to form HMDA. The HMDA produced may be reacted 
with adipic acid to produce nylon 66. DuPont has built an ammonolysis pilot 
plant in Kingston, Ontario (Canada). 

With the previous studies clearly in mind, we sought to develop low-tem- 
perature, atmospheric-pressure processes for the depolymerization of PET, 
nylon 66, and nylon 46. 

EXPERIMENTAL 

Materials 

Polyethylene terephthalate staple fibers (Celanese, Charlotte, NC, U.S.A.) were 
washed with methylene chloride in order to remove finishes followed by re- 
peated washings with water and drying in an oven at 130°C. Nylon 66 fibers 
used in the depolymerization studies were provided by the duPont Company and 
used as-received. Nylon 46 fibers (StanylTM) used for the depolymerization 
studies were provided by DSM Chemicals and Fertilizers, Netherlands and used 
as-received. The chemicals used in the procedures were reagent grade. Ben- 
zyltrimethylammonium bromide, trioctylmethylammonium chloride, trioctyl- 
methylammonium bromide, hexadec yltrimethylammonium bromide, tetraethy- 
lammonium hydroxide, and phenyltrimethylammonium chloride were obtained 
from the Aldrich Chemical Company (Milwaukee, WI, U.S.A.). 

Depolymerization of PET Fibers 

In a 300-mL round-bottom flask, a 5% sodium hydroxide solution (250 mL) 
was heated to 80°C in a constant-temperature bath. The catalysts were added 
in the following amounts in separate experiments: trioctylmethylammonium 
chloride (TOMAC) (0.04 g, 0.000 1 mol); trioctylmethylammonium bromide 
(TOMAB) (0.045 g, 0.0001 mol); hexadecyltrimethylammonium bromide 
(HTMAB) (0.045 g, 0.0001 mol); tetraethylammonium hydroxide (TEAOH) 
(0.015 g, 0.0001 mol); phenyltrimethylammonium chloride (PTMAC) (0.02 
g, 0.0001 mol). PET fibers (1.98 g, 0.01 mol) were added to the mixture and 
allowed to react for 30, 60, 90, 150, and 240 min. Upon filtration, any re- 
maining fibers were washed several times with water, dried in an oven at 
13O-15O0C, and weighed. The results are shown in Table 1. 
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TABLE 1 
Results of the PET Depolymerization (Weight % PET Fibers Reacted) with 

Quaternary Ammonium Compounds at 80°C Without Agitation 

Catalyst 30min 60min 90min 150min 240min 

Control (wt. % 3.99 4.69 12.7 22.6 32.8 

TOMAC (wt. % 21.84 44.09 52.78 66.07 69.79 

TOMAB (wt. % 24.81 44.71 54.44 64.58 90.15 

HTMAB (wt. % 7.08 32.87 44.66 66.22 8 1.72 

TEAOH (wt. % 3.28 5.11 8.01 8.86 22.52 

PTMAC (wt. % 1.09 3.58 15.15 30.51 46.76 

PET reacted) 

PET reacted) 

PET reacted) 

PET reacted) 

PET reacted) 

PET reacted) 

Depolymerization of PET Fibers with Agitation 

The agitation studies for PET depolymerization were performed in the Atlas 
Launder-ometer (Waltham, MA, U.S.A.). The Launder-ometer is a device for 
rotating closed containers in a thermostatically controlled water bath. The pro- 
cedure used in these experiments was adapted from an AATCC standard test 
method. The 5% sodium hydroxide solution (250 mL) was preheated to 80°C in 
a 1-pt. stainless-steel jar. The catalysts were added in the following amounts in 
separate experiments: TOMAC (0.04 g, 0.0001 mol); TOMAB (0.045 g, 0.0001 
mol); HTMAB (0.045 g, 0.0001 mol). The PET fiber specimens (1.98 g, 0.01 
mol) were placed in the containers along with 10,0.25-in. stainless-steel balls 
to aid in the agitation process. The jars were sealed in the Launder-ometer, 
whose bath was at the desired temperature (80°C). The machine was allowed to 
run for the allowed treatment times (i.e., 30,60,90,150, and 240 min) at 42 rpm. 
Upon decanting, any residual fibers were washed several times with water, 
dried in an oven at 144"C, and weighed. The results are shown in Table 2. 

Depolymerization of Nylon 46 

A 500-mL round-bottom flask containing aqueous sodium hydroxide (25 or 
50 wt.%) and benzyltrimethylammonium bromide as the phase-transfer agent 
(0.2 g, 0.0008 mol) was placed in a constant-temperature oil bath and heated 
to the reflux temperature of 165°C. Chopped nylon 46 fibers (6 g, 0.030 mol) 
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TABLE 2 
Results of the PET Depolymerization (Weight % PET Reacted) with 

Quaternary Ammonium Compounds at 80°C with Agitation 

Catalyst 30 min 60 min 90 min 150 min 240 min 

Control 3.5 11.33 13.71 26.05 41.74 
TOMAC 79.8 92.41 99.52 100 
TOMAB 85.71 98.55 100 
HTMAB 26.3 1 50.97 60.68 88.96 100 

were placed in the reaction flask. The reaction mixture was constantly stirred 
with a magnetic stirrer and the reaction was carried out at atmospheric pres- 
sure for a period of 24 or 36 h (see Table 3 for results). The aqueous sodium 
hydroxide solution containing products of depolymerization was concentrated 
by evaporation and 30 mL of 35% aqueous hydrochloric acid was added to the 
concentrate. The precipitate was filtered and washed with water. The product 
was dried in a vacuum oven at 120°C for 24 h. 

Repolymerization of Nylon 46 Oligomers 

Oligomers (2.0 g) obtained from the alkaline hydrolysis of nylon 46 were 
charged to a round-bottom flask. The flask containing the oligomers was 
heated in a mineral bath at 210°C for 16 h under vacuum. 

Depolymerization of Nylon 66 

In a 500-mL resin reaction kettle, fitted with a mechanical stirrer and a reflux 
condenser, was placed 6 g (0.025 mol) of nylon 66 fibers and 200 mL of 50% 

TABLE 3 
Properties of Alkaline Depolymerization Products of Nylon 46 

Weight Volume Weight % Weight of Intrinsic 
BTEMB Weight % NaOH fibers oligomers viscosity Mu 

(g) NaOH (mL) hydrolyzed formed (g) (dL/g) (glmol) 

0.2 25 100 0 
0.2 50 100 38.4 3.7 0.14 1846 
0.2 50 50 32.0 4.1 0.34 5946 
0.2 50 100 39.3 3.6 0.13 1679 
0.0 50 100 8.7 5.5 0.29 4704 
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aqueous sodium hydroxide solution. Benzyltrimethylammonium bromide 
(BTEMB) (0.2 g, 0.0008 mol) was added to the reaction mixture. The reaction 
mixture was heated for 24 h under reflux (130°C). Next, the unreacted nylon 
66 fibers were removed by filtration and dried in a vacuum oven at 100°C for 
24 h. The remaining aqueous solution was evaporated and the residue was ex- 
tracted with isopropanol in a Soxhlet apparatus for 24 h. 

Repolymerization of Nylon 66 Oligomer 

The mixture of oligomers were heated in a flask to 200°C in a mineral bath 
[the differential scanning colorimeter (DSC) peak melting temperature of the 
oligomers was 230"Cl while stirring and removing water formed with a vac- 
uum pump. 

Effect of Feed Ratio of the Depolymerization Reaction Mixture 
on the Molecular Weight 

A known amount of nylon 66 fiber (MW = 30,944 g/mol) was mixed with 200 
mL of a 50% aqueous solution of NaOH and 0.2 g of BTEMB in five differ- 
ent runs. The mixture was heated at 143°C for 24 h under reflux. After 24 h, 
on cooling, a white powder mixed with short whiskers settled at the bottom of 
the flask. The solid was collected by filtration. The reduced viscosity of the 
depolymerized nylon 66 was determined in 88% formic acid at 25°C in a 
Ubbelhode viscometer. 

Isolation of Adipic Acid 

Nylon 66 fibers (6.0 g) were depolymerized under reflux with 200 mL of 50% 
NaOH solution in the presence of 0.20 g of BTEMB to form 0.55 g of adipic 
acid (after acidification) and 4.52 g of oligomer. In a second step, the oligomer 
obtained in step 1 was depolymerized under the same conditions to form 0.72 
g of adipic acid and 1.62 g of oligomer. In the third step, the 1.62 g of oligomer 
formed in step 2 were depolymerized with 50 mL of 50% NaOH solution and 
0.54 g of BTEMB to form 1.05 g of adipic acid after initial exposure of the 
oligomer to heat in an attempt to obtain hexamethylenediamine by distillation. 

RESULTS AND DISCUSSION 

PET Depolymerization 

We became interested in the application of phase-transfer agents for depoly- 
merization of polymeric fibers while studying the alkaline depolymerization 
of PET. A phase-transfer catalyst is used in catalytic amounts in a two-phase 
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reaction system to cause the transfer of one of the reactants into the normal 
phase of the other reactant in such a form that high reaction rates are obtained. 
Our requirements were that the phase-transfer agent be cationic and have 
enough organic character such that it and the desired anion are partitioned into 
the organic phase with high potential reactivity. Crown ethers, quaternary am- 
monium compounds and i?-alkyl phosphoramides have been used success- 
fully as phase-transfer catalysts. Also, our plan was to develop an atmospheric 
pressure process. We discovered that PET fibers could be hydrolyzed with 5% 
aqueous sodium hydroxide at 80°C in the presence of trioctylmethylammo- 
nium bromide in 60 min to obtain terephthalic acid in 93% yield. We were un- 
able to isolate the small amount of ethylene glycol produced. 

The results of catalytic depolymerization of PET without agitation are 
listed in Table 1. The results of catalytic depolymerization of PET with agita- 
tion are listed in Table 2. As expected, agitation shortened the time required 
for 100% conversion. 

Tetraethylammonium hydroxide was chosen because it was thought that 
the presence of the hydroxide counterion would aid in maintaining the hy- 
droxide ion concentration in the reaction medium during the course of the re- 
action. As the results indicate (Table l),  depolymerization was somewhat in- 
hibited. Conditions in the bath were favorable for a Hofmann elimination 
reaction, and the integrity of the catalyst was probably affected. 

Results (Table 1) for the quaternary salts with a halide counterion were 
promising. Phenyltrimethylammonium chloride (PTMAC) was chosen to as- 
certain whether steric effects would hinder catalytic activity. Bulky alkyl 
groups of the quarternary ammonium compounds were expected to hinder 
close approach of the catalyst to the somewhat hidden carbonyl groups of the 
fiber structure. The results indicate that steric hindrance is not a problem for 
PET hydrolysis under this set of conditions because the depolymerization re- 
sults were substantially lower for PTMAC than for the more sterically hin- 
dered quaternary salts. 

Hexadecyltrimethylammonium bromide (HTMAB) was included in the in- 
vestigation because it had been employed previously. The past success of 
HTMAB was attributed to its long-chain alkyl group. Mimicking a long poly- 
mer chain, the hexadecyl group probably aided in the solvation of PET. As ex- 
pected, HTMAB made a respectable showing in these experiments. 

Trioctylmethylammonium chloride (TOMAC) and TOMAB outperformed 
all other catalysts. It was postulated that the three octyl groups were the proper 
length for solvation of the polymer, while small enough to avoid sterically hin- 
dering the reaction. 

In order to determine if TOMAB could be used to catalyze PET depoly- 
merization for more than one treatment cycle, the catalyst was recovered upon 
completion of one treatment and added to a second bath for 60 min. The per- 
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cent PET conversion for the second cycle was 85.7% compared to a conver- 
sion of 90.4% for the first treatment cycle. 

Nylon 46 Depolymerization 

Trioctylmethylammonium chloride and TOMAB were found to be ineffective 
for the depolymerization of polyamides. Aqueous sodium hydroxide solutions 
containing BTEMB were successfully used to depolymerize nylon 46 to 
form low-molecular-weight oligomer fractions. The depolymerization effi- 
ciency (% weight loss) and the molecular weight of the reclaimed oligomers 
were dependent on the amount and concentration of the aqueous sodium hy- 
droxide and the reaction time. Table 3 exhibits the effects of experimental 
conditions on the depolymerization efficiency and the average molecular 
weight of the oligomers. The viscosity-average molecular weight was calcu- 
lated from the Mark-Houwink equation [q] = KM",, where M ,  is the viscos- 
ity-average molecular weight, K = 4.64 X lo-' dL/g, and a = 0.76 at 25°C 
in 88% formic acid. Nylon 46 fibers (Mu = 41,400 g/mol) did not undergo de- 
polymerization on exposure to 100 mL of 25 wt.% sodium hydroxide solution 
at 165°C. Out of 6.0 g of nylon fibers fed for depolymerization, 5.95 g were 
unaffected. When the concentration of sodium hydroxide was increased to 50 
wt.%, the depolymerization process resulted in the formation of low-molecu- 
lar-weight oligomers. Hence, even in the presence of a phase-transfer agent, a 
critical sodium hydroxide concentration exists between 25 and 50 wt.%, 
which is required to initiate depolymerization under the conditions used. Sol- 
uble amine salts were also obtained. 

In order to establish the feasibility of alkaline hydrolysis in respect to recy- 
cling of nylon 46, it was necessary to determine whether the recovered 
oligomers could be repolymerized to form nylon 46. For this purpose, solid- 
state polymerization was performed on nylon 46 oligomers formed via alka- 
line hydrolysis with 50 wt.% NaOH at 165°C for 24 h. The solid-state poly- 
merization process was carried out in a round-bottom flask at 210°C for 16 h 
under vacuum. Solid-state polymerization of the nylon 46 oligomers resulted 
in an increase in intrinsic viscosity from 0.141 to 0.740 dL/g. That corre- 
sponds to an increase in viscosity-average molecular weight from 1846 g/mol 
to 16,343 g/mol. In theory, higher molecular weights would be obtained by 
heating for a longer time interval. 

Nylon 66 Depolymerization 

The product of the depolymerization of nylon 66 with 50% aqueous sodium 
hydroxide solution was relatively low-molecular-weight oligomers. A series 
of experiments were run in order to examine the applicability and efficiency 
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TABLE 4 
Effect of Feed Ratio on the Depolymerization of Nylon 66 

Experiment 

1 2 3 4 5 6 

Feed ratio of 5 10.3 20.6 29.4 59.8 NoPTA 
nylon/BTEMB 
(wt./wt.) 

of oligomers 
Decrease in weight 40.3 49.5 55.5 42.5 40.8 -15.9 

Mu of oligomers 1556 1912 1697 2396 1644 

of benzyltrimethylammonium bromide as a phase-transfer catalyst in the de- 
polymerization of nylon 66. Table 4 shows the effect of the feed ratio of the 
nylon 66 to BTEMB on the viscosity-average molecular weight of the de- 
polymerized nylon. 

The product of the run with no phase-transfer agent showed a 15.9% in- 
crease in weight compared to the weight of the original nylon 66. The calcu- 
lated percentage increase in weight for a 19-fold decrease in molecular weight 
(due to the addition of water) would be - 1%. Therefore, a large part of the in- 
crease must be due to leaching of silicates of the glass container (resin reac- 
tion kettle) by the strong alkali (50 wt.%) at the temperature of the reaction 
(1 30°C) over 24 h. The oligomer obtained had a viscosity-average molecular 
weight of 1644 g/mol (the original nylon 66 had a molecular weight of 30,944 
@mol). The runs with a phase-transfer agent produced oligomers with de- 
creases in weight of 40-50%. Although the occurrence of leaching of silicates 
from the glass container makes quantitative assessment difficult, these results 
suggest that in the absence of a phase-transfer agent, only oligomers are 
formed; however, soluble low-molecular-weight products are formed in the 
presence of a phase-transfer agent. The oligomers obtained were repolymer- 
ized in the solid state by heating at 200°C in a vacuum. The viscosity-average 
molecular weight of the solid-state polymerized nylon 66 obtained was 
-23,000 g/mol (the molecular weight of the oligomeric mixture was 1434 
g/mol). 

Isolation of Adipic Acid from the Depolymerization of Nylon 66 

Nylon 66 fibers were depolymerized under reflux with a 50% NaOH solution 
in the presence of catalytic amounts of benzyltrimethylammonium bromide. 
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The oligomers formed in successive steps were depolymerized under similar 
conditions. The yields in steps 1, 2, and 3 were 57.8%, 38.7%, and loo+% 
theoretical. However, we were unable to isolate hexamethylenediamine. The 
overall yield of adipic acid was 59.6%. 

CONCLUDING REMARKS 

Alkaline depolymerization of PET at 80°C in the presence of phase-transfer 
agents resulted in the isolation of terephthalic acid in yields as high as 93%. 
Hydrolysis of PET occurred at temperatures as low as 20°C; however, the best 
results were obtained at the highest temperatures employed (SOOC). Phase- 
transfer-catalyzed alkaline depolymerization of nylon 46 produced oligomers 
which could be repolymerized and soluble products believed to be amine salts. 
Catalytic depolymerization of nylon 66 produced oligomers and adipic acid in 
reasonable yields. The isolation of adipic acid on depolymerization of nylon 
66 required a stepwise approach involving the catalytic depolymerization of 
intermediate oligomeric fractions. Future research would involve developing 
conditions whereby the nylon 46 and nylon 66 may be completely converted 
to monomers (1,4-diaminobutane and adipic acid in the case of nylon 46 and 
hexamethylenediamine and adipic acid in the case of nylon 66) while utilizing 
phase-transfer catalysts. These new conditions may require the discovery of 
new phase-transfer catalysts. 
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RECYCLING NYLON 6 CARPET TO CAPROLACTAM 

M. BRAUN, A. B. LEVY,* and S. SIFNIADES 

AlliedSignal Inc. 
P.O. Box 1021 
101 Columbia Road 
Morristown, New Jersey 07962 

Abstract 

The recycling of nylon 6 carpet via depolymerization provides the po- 
tential for an environmentally benign new process to produce world-class 
caprolactam. This article describes the depolymerization of nylon 6 car- 
pet in the presence of steam under medium pressure (800-1500 kPa, 
100-200 psig). A small laboratory apparatus was set up to demonstrate 
the feasibility of the scheme. A total of eight runs were carried out using 
-180 g of pellitized carpet and 2-6 g/min steam (at 101-1500 kPa, 
0-200 psig, and 300-340°C). In our best run at 340°C, 6 g/min of steam, 
and 1500 kPa (200 psig) for 3 h, we obtained a 95% yield of crude capro- 
lactam. The lactam purity was 94.4%, resulting in an overall 89.7% yield 
of caprolactam. The laboratory data were used to construct a computer 
model of the process for both batch and continuous-flow stirred reactors. 

Key Words: Nylon 6; Carpet recycle; Depolymerization; Caprolactam; 
Waste carpet recycling. 

INTRODUCTION 

In 1997, the United States and Canada produced 3.2 billion pounds of fiber for 
carpets (1). The fiber was used in -6.6 billion pounds of carpet, of which 

* To whom correspondence should be sent. 

47 1 

Copyright 0 1999 by Marcel Dekker, Inc. 
I I  u 



472 BRAUN, LEVY, AND SlFNlADES 

-70% was for replacement. The vast majority of the replaced carpet ended up 
in landfills. At that disposal rate, carpet constitutes approximately 1.6% by 
weight of all material landfilled. Although carpet is not hazardous in a land- 
fill, it is large, visible, and relatively difficult to handle. In addition, the num- 
ber of landfills is decreasing. In 1995, there were only about 4500 active land- 
fills. By the year 1999, this number is expected to be reduced to 2500. Thus, 
it seems inevitable that society will increasingly pressure the carpet industry 
to provide a recycle path. 

A typical broadloom carpet consists of approximately 50% by weight face 
fiber (Fig. 1). Most of the face fiber produced in North America is nylon 6 or 
6,6, with smaller amounts of polyester, wool, and polypropylene. Of the face 
fiber produced in North America, -30% is nylon 6. Thus, the mixed carpet 
stream will require significant sorting prior to recycling. As a manufacturer of 
caprolactam and nylon 6, AlliedSignal is primarily interested in recycling ny- 
lon 6 to caprolactam. 

Recycling of nylon 6 has been carried out for at least the past 30 years and 
has been reviewed (2) .  Chemical processing via depolymerization usually 
leads to caprolactam [Eq. (l)]. 

Depolymerization 

Polymerization 

Nylon 6 Caprolactam 

In order to achieve reasonable rates in the depolymerization, an acid catalyst 
is usually employed (3) .  

The recycling of nylon 6 carpet, however, is a more complicated issue due 
to its multicomponent construction and to the presence of the backing mate- 
rial and contaminants such as dyes and coatings. In addition to the nylon 6 face 
fiber, the typical broadloom carpet also contains - 10% polypropylene as pri- 
mary and secondary backings, 9% styrene-butadiene latex adhesive, and 
about 35% calcium carbonate as filler. Furthermore, face fiber is treated with 
small amounts of dyes, pigments, antistatic compounds, and other surface 
treatments. Last, and perhaps most significant, is the fact that postconsumer 
carpet is dirty. A carpet that contains 50% nylon when new can add as much 
as 20% of its weight as dirt consisting of everything from dog hair, to food, to 
metal fragments. The presence of these impurities significantly complicates 
the recycling process. 

Two distinct approaches, physical and chemical, have been investigated. 
The physical approach is characterized by mechanical separation of the face 
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Face Fiber 
30 0%. avg. wt. 

PP 
Primary Backing 

40z. 

Latex Adhesive 
29 oz. Total 

- 6 oz. SBR 
- 23 oz. CaCO, 

PP 
Secondary Backing - 2.5 oz 

- PPBBR coiistrnction accounts for approximately 95% of all residential & 
commercial carpets in the U.S. 

FIG. 1. Typical carpet construction and composition. 

fiber from the backing and adhesive through a series of grinding and milling 
steps. At this point, typically a mix consisting of -70-80% nylon 6 contain- 
ing about 15% polypropylene and 5-1 0% calcium carbonatehtyrene-butadi- 
ene rubber is obtained. Corbin et al. (4) have demonstrated that material from 
such a process can be depolymerized in the presence of phosphoric acid to 
caprolactam. 

Further purification of the crude material through a wet separation process 
can give nylon 6 of 95-98% purity. The resultant fibers are usually colored 
and typically mixed with virgin polymer and used as a black engineering 
resin, or depolymerized to caprolactam via the classical phosphoric acid 
reaction ( 3 ) .  

We approached the problem differently. The segregation of face fiber from 
backing is a capital- and manpower-intensive process which would be best to 
avoid as a separate step. We concluded that it would be best to feed postcon- 
sumer carpet to a reactor containing the necessary reagents to separate the ny- 
lon from the carpet backing and provide a separate means of exit for the capro- 
lactam produced and residue. Furthermore, because the major component of a 
typical backing is calcium carbonate, we are constrained from using acidic 
catalysts to depolymerize nylon 6 carpet. Finally, because of the environmen- 
tal impact and potential costs, we considered only simple, inexpensive, and 
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environmentally benign solvents/reactants. This train of thought led to the 
conclusion that the simplest approach to depolymerizing nylon 6 carpet is to 
use water to recover caprolactam. The problem the literature suggests we face 
is getting the reaction to go at a commercially viable rate and at temperatures 
which commercial equipment can handle. We have previously reported a pro- 
cess involving depolymerization of carpet under pressure (- 1 100 psig) at 
290°C in the presence of water followed by filtration and flashing the resul- 
tant solution in a hot tube (5). We now report a process involving steam dis- 
tillation of caprolactam from raw carpet at moderate pressures, which results 
in high yields at commercially viable rates (6). 

EXPERIMENTAL 

General 

Chemicals 

Caprolactam (Aldrich Gold Label, Aldrich, Malwaukee, WI, USA.) was 
dried in a vacuum dessicator to -0.1 % water content before using as an analyti- 
cal standard. Carpet pellets were made by extruding nylon 6 preconsumer carpet. 

Analytical 

High-Performance Liquid Chromatography. The product was ana- 
lyzed by high-performance liquid chromatography (HPLC) using a Waters 
600E liquid chromatograph equipped with a Waters model 990 photodiode ar- 
ray detector and Waters model 715 Wisp autosampler. The analysis was car- 
ried out using acetonitrile/O.O5M phosphoric acid on a SupelcosilTM LC-8DB, 
4.6 mm by 25 cm column. The resultant chromatogram was monitored at 200 
nm for cyclic oligomers and 230 nm for caprolactam quantification. 

The isolated caprolactam samples were ana- 
lyzed for purity on a Hewlett Packard model 5880 GC using a 50-m capillary 
Carbowax 20M column. 

Permanganate Number (IS0 PN). For a typical sample, 0.1 g of crude 
lactam are weighed into a 250-mL volumetric flask and filled to the mark 
with distilled, deionized water. The pH of the sample is adjusted using 
dilute HzS04 or NaOH to be within the range 6.2-6.5. One hundred milliliters 
of the sample are then quantitatively transferred to an Erlenmeyer flask 
and placed in a 25°C 2 0.5"C water bath for 15 min. Once equilibrated, 2.0 
mL of a 0.01N potassium permanganate solution is added and a timer started. 
The absorbance of the sample is taken at 10 min after permanganate addition 
at 420 nm. If the resulting absorbance is outside the range of 0.025-0.080 ab- 
sorbance units, the sample concentration must be adjusted and the test re- 

Gas Chromatography. 
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peated. The IS0 PN value is calculated as absorbance of the sample minus ab- 
sorbance of the blank divided by the grams of lactam in 100 mL of sample 
times 500. 

In a representative case, 2 g of crude lactam were 
weighed into a 5.0-mL volumetric flask and filled to the mark with distilled, 
deionized water. After mixing, the sample was filtered through a 0.45-pm 
Teflon syringe filter and the absorbance measured at 410 nm. Color was then 
calculated as absorbance times 1.625 times 1000. 

Miscellaneous. The analysis for nitrogen was performed by Robertson 
Laboratory. The calcium, ammonia, and water analyses were carried out by 
AlliedSignal’ s Morristown Analytical Sciences Laboratories. Aminocaproic 
acid analysis was done at the Allied Technical Center using ion chromatogra- 
phy. Gas chromatography-mass spectroscopy was carried out at both the Al- 
lied Technical Center and the Morristown Analytical Sciences Laboratories. 

AlliedSignal Color. 

Medium-Pressure Steam Depolymerization of Nylon 6 
Carpet (Fig. 2) 

Water was pumped using a Waters 590 HPLC pump at 2-6 g/min through 
two steam generators in series (1200 W total). Transfer lines and valves were 

Top Thermocouple 
Middle Thermocouple 

FIG. 2. Laboratory-scale medium-pressure depolymerization apparatus 
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heated using various lengths of heating tape. Reactor heating was 
configured as three zones using a 400-W cable heater for each zone. Three 
internal thermocouples monitored the temperature for each zone. High-tem- 
perature needle valves were used at the reactor overheads and bottoms exit 
points. 

In a typical reaction, 180 g of chipped carpet extrudate was charged into a 
stainless-steel reactor 43 in. by 1 in. in diameter while the reactor was purged 
with nitrogen. Analysis of the extrudate showed 57.6% nylon. The system was 
then sealed and all zones not directly in contact with the carpet were brought 
up to temperature. Heat was then applied to the reactor body itself and steam 
flow was started when the reactor’s internal temperature reached -120°C 
(-20 min). The reactor was maintained at a moderate (410450 kPa, 45-50 
psig) pressure during heatup and increased to the desired pressure as reactor 
temperature reached - 180°C. Overheads condensate samples were collected 
throughout the reaction. At the end of the reaction, steam flow was shut off 
and the overheads exit valve closed. The nitrogen inlet valve at the reactor top 
was then opened and the system pressure was allowed to build up slightly. The 
residue was then discharged by carefully opening the valve at the bottom of 
the reactor and collecting into a metal beaker. After sampling for GC and 
HPLC analysis, the overheads fractions were combined and 50% of it rotoe- 
vaporated to constant weight. The resulting solid was analyzed by GC and 
HPLC. The permanganate number and color were also determined on the solid 
caprolactam. The solid bottoms samples were analyzed for residual nylon by 
nitrogen analysis. 

RESULTS AND DISCUSSION 

Medium-Pressure Steam Depolymerization of Carpet 

The literature (2) on nylon depolymerization suggests that the rate of the re- 
action at atmospheric pressure is quite slow compared to the catalyzed pro- 
cess. Our results at atmospheric pressure (Fig. 3) corroborate the nylon data 
and suggest that at atmospheric pressure, the reaction is too slow for a com- 
mercial process. 

It seemed to us that the use of pressure might have a beneficial effect on the 
rate. This may seem counterintuitive at first glance. Our rationale, however, is 
as follows. We expected that the rate of removal of caprolactam overhead 
would be dependent on pressure, temperature, and steam flow rate. We also 
suspected that pressure would have a significant positive effect on the rate. In 
general, at increased pressures, one expects a decreased mole fraction of a 
volatile component in the vapor phase at constant temperature and steam feed 
rate and, thus, a decrease in rate of removal overhead. However, the solubility 



RECYCLING NYLON 6 CARPET TO CAPROLACTAM 477 

of water in nylon 6 increases with pressure, therebjj increasing the rate of de- 
polymerization, and hence the mole fraction of caprolactam in the polymer. 
Thus, given the two competing effects, one might predict a maximum in rate 
of removal of caprolactam overhead as the pressure is increased at constant 
temperature and steam flow. 

We have run a total of eight experiments in the apparatus shown, at various 
combinations of pressures, temperatures, and steam flow rates. Figure 3 shows 
a comparison of the rates of lactam formation overhead obtained from these 
experiments. 

In our first experiment at - 2 g/min steam flow, 930 kPa (120 psig), and 
300°C, the rate, although considerably faster than our control at atmospheric 
pressure, was deemed to be too slow and the run was shut down at - 60% con- 
version. In all other cases, we obtain 87% conversion or higher by analysis in 

The lactam concentrations typically range from about 14% to 24% in the 
early fractions to about 1% at the end. Figure 4 shows a concentration profile 
for lactam and cyclic dimer in a reaction carried out at 1100 kPa (145 psig) 

3-6 h. 

2 g/mn W 9 3 1  K P ~ ;  300C + 3 g/nin W0620 m 320C 

3 g/rrin HiQ 931 KFa; 300C 

t 3 g/rrin WO;1103 Kpa: 320C 

3 g/nin W01482 KFa; 3MC 

6 g/rrin WO;1482 Kpa: 340C 

0 100 200 300 400 

Time (minutes) 

FIG. 3. Medium-pressure depolymerization of carpet extrudate. Lactam over- 
head (percentage of charge) as a function of time. 
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FIG. 4. Medium-pressure depolymerization of carpet extrudate, 182 g extrudate, 
3 g/min steam at 320°C and 1100 Wa. Concentration profiles of lactam and cyclic 
dimers in the overheads. 

and 320°C with 3 g/min steam. It is worth noting the relatively low level of 
cyclic dimer in the overheads after 200 min. 

A comparison of reactions run at 320°C with 550, 1100, and 1480 kPa 
(75, 145, and 200 psig, respectively) in Figure 3 suggests that the pressure 
affects the rate between 550 and 1100 kPa, but going to 1480 kPa results in 
essentially no increase in rate. One reaction was run at 340”C, resulting in a 
large increase in initial rate (- 1.5 g lactam overheadmin versus 0.4-0.9 g 
lactam overheadmin) compared to all other examples. Furthermore, under 
these conditions, the lactam concentration reaches - 25% in the aqueous 
overheads. 

The results clearly demonstrate a relatively large effect of moderate 
pressures. Figure 5 summarizes the effect of pressure on initial rate and 
maximum concentration of caprolactam observed during the reaction. As 
can be readily seen, there is a large effect of an initial pressure increase 
(100-620 kPa, 0-75 psig) above atmospheric. Further increases in pressure 
lead to more modest increases in rate until the reaction reaches an optimum 
pressure, at which point the reaction rate seems to level off. As expected, the 
maximum concentration parallels the maximum rate at fixed steam flow and 
temperature. 
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FIG. 5. The effect of pressure on the initial rate and maximum concentration of 
lactam in the overheads during medium pressure depolymerization. Conditions: 
320°C and 3 g/min steam. 

Impurities in the Medium-Pressure Depolymerization Process 

Table 1 summarizes the analytical results for the six reactions carried out to 
high conversion. At temperatures between 300°C and 340"C, 3 or 6 g/min 
steam, and pressures of 620-1500 kPa (75-200 psig), we obtain crude capro- 
lactam yields of 87-95%. We believe that the differences in isolated yields 
have more to do with the time the reaction was allowed to run rather than any 
inherent side reactions. GC and HPLC analysis of the lactam versus a standard 
shows the material to be - 95% pure in all cases, indicating that there is -3% 
of high-boiling impurities that do not show up on the GC. Part of this missing 
material is caprolactam cyclic dimer, which HPLC shows to be present in 
- 0.546% yield. 

Ammonia is present in the hydrolysate at 0.8-1.5% yield based on nylon. 
For every mole of ammonia present, we assume there must be 1 mol of 6- 
hydroxycaproic acid or 6-hexenoic acid present, which may contribute to 
heavies. In addition to ammonia, low levels of N-methylcaprolactam were ob- 
served, and in one case, some octahydrophenazine (OHP), as well as some 7- 
(5-aminopentyl)-3,4,5,6-tetrahydro-2H-azepine (APTA). It is also gratifying 



480 BRAUN, LEVY, AND SlFNlADES 

TABLE 1 
Medium-Pressure Depolymerization of Carpet Extrudate 

Run Run Run Run Run Run 
Conditions/impurity level 1 2 3 4 5 6 

Reaction temperature ("C) 

Steam rate (g/min) 
Reaction pressure (Wa) 
Reaction time (min) 
Caprolactam yield (%)" 
Nylon material balance (%)b 
Carpet material balance (%)' 
Caprolactam purity (%ld 
Ammonia yield (%)' 
Cyclic dimer yield (%b>f 
cyclic trimer (%)f 
N-methylcaprolactam (ppm)g 
Caprolactone (ppm)g 
Octahydrophenazine (ppm)g 
APTA (ppm)gsh 
Aminocaproic acid (ACA) (%)k 
Is0 PN 
Color (410 nm) 
CaCO3 (ppm) 

C h a w  (g) 
300 
178.8 
3 

93 1 
360 
87.4 

N.A. 
N.A. 
94.4 
0.80 
0.52 

N.D. 
560 
N.D. 
N.A. 
780 

820 
860 
<25 

0.39 

320 
181.9 
3 

1103 
300 
89.2 
95.1 
92.1 
95.1 
1.5 
0.48 

N.D. 
350 
N.D. 
20 
830 

1310 
930 
<25 

0.52 

320 
179.1 
6 

1103 
300 
93.1 
95.7 
92.7 
94.7 

1.2 
0.65 

N.D. 
580 
N.D. 
N.A. 
790 

1300 
890 
<25 

0.64 

320 
180.2 
3 

620 
360 
92.2 
94.9 
91.8 
96.7 
1.8 
0.75 

N.D. 
380 
N.D. 
N.D. 
2220 

2010 
1440 

0.45 

N.A. 

320 
180.4 
3 

1482 
300 
87.9 
94.9 
92.1 
96.2 
2.0 
0.39 

N.D. 
460 
N.D. 
60 

1010 

1030 
1260 

0.52 

N.A. 

340 
180.2 
6 

1482 
180 
95.0' 
95.9 
88.7 
94.4 
2.0 
0.54 
1 

500 
N.D. 
N.D. 
1932 

1920 
1270 

0.64 

N.A. 

a Based on nylon analysis. Crude yields are based on isolated weights plus weights calculated to be 
in analytical samples. 

Based on isolated weights plus ammonia analysis and nitrogen in residue. 
Based on isolated weights and ammonia analysis. 
Average of GC and HPLC purity of crude isolate. 

e By ion chromatography. 
~HPLC analysis. 

GC analysis; response as a percent of lactam, uncorrected. 
7-(5-Aminopentyl)-3,4,5,6-tetrahydro-2H-azepine. 

' Trace amount (-30 ppm) of possible cyclic trimer in first fraction by HPLC. 
I At 4 h the yield is 95.2%. 

Analyzed by ion chromatography. 

that no calcium was observed overhead, suggesting that scaling should be 
minimal in this process. The IS0 PN and color were also measured. GCMS 
analysis of the isolated caprolactam detected low levels of N-methylcaprolac- 
tam and low levels of aromatics, such as diphenylpropane and styrene dimer. 
The aromatic impurities presumably result from decomposition of the 
styrene-butadiene rubber present in carpet backing. A similar analysis of the 
aqueous overheads without removing the water shows additional volatiles, in- 
cluding cyclohexylamine, styrene and a-methylstyrene. The aromatics are 
presumably derived from the styrene-butadiene rubber present in the backing. 
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The cyclohexylamine is used as a terminator in many nylons and thus is ex- 
pected to be present. Analysis of the isolated caprolactam also shows - 0.5% 
aminocaproic acid (ACA) in caprolactam isolated from the medium-pressure 
depolymerization (MPD) process. We conclude that the ACA is formed in the 
process and carried overhead. 

The amount of caprolactam cyclic dimer overhead is suppressed as the re- 
action is carried out at increasingly higher pressure. Figure 6 demonstrates this 
dramatic effect. 

Modeling of the MPD Process 

Seven runs that were conducted under reasonably controlled conditions in the 
apparatus described in Fig. 2 were used to construct a model of the process. 
The following assumptions were made in developing the model: 

1. The carpet melt is composed of two distinct phases: a nylon phase and 
a non-nylon phase. All reactions take place in the nylon phase. The 
non-nylon phase is assumed to be inert. 
Caprolactam and dimer exit the reactor in proportion to their respective 
partial vapor pressures. These are generally lower than the corre- 

2. 

0 500 1000 
Pressure (KPa) 

1500 

FIG. 6. The effect of pressure on cyclic dimer concentration in the overheads of 
medium-pressure depolymerizations of nylon 6 extrudate at 320°C and 3 g/min steam. 
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sponding saturation pressures due to mass transfer barriers between the 
liquid and the gas phases. 
Ammonia is produced in proportion to the mass of the nylon phase, in- 
cluding caprolactam dissolved therein, has negligible solubility in the 
carpet melt, and its transport to the gas phase is not subject to mass 
transfer limitations. Dependence on the pressure, P, is accounted for by 
using the expression k = A( 1 + BP) exp( - C/T) for the rate constant 
for ammonia formation, where A ,  B, and C are empirical constants fit- 
ted to match the data and Tis the absolute temperature. 

Medium-pressure depolymerization combines chemical reactions (nylon 6 
depolymerization and ammonia formation) with mass transfer (removal of 
products overhead). To properly model the system, equations were developed 
that simultaneously addressed the reactions and mass transfer. The kinetics of 
nylon 6 depolymerization were simulated using AlliedSignal’ s proprietary ny- 
lon polymerization program which was specially calibrated for the tempera- 
ture and water-vapor-pressure regime appropriate to MPD. Mass transfer co- 
efficients for caprolactam and for caprolactam cyclic dimer were determined 
by fitting the MPD data to the model. Following are some of the predictions 
of the model for a batch reactor of similar mass transfer characteristics to the 
apparatus used in this work. 

The effect of pressure on the rate of caprolactam production at constant tem- 
perature and steam flow is shown in Fig. 7. It is clear that increasing the pres- 

3. 

100 

LL 
0 

0 
0 2 4 6 6 10 

TIME, HOURS 

FIG. 7. MPD pressure effect on rate. Charge 180 g carpet pellets, 57.5% nylon 6, 
180 g/h steam, 320°C. Numbers on curves are pressure (Wa). 
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FIG. 8. MPD pressure effect on rate and selectivity. Charge 180 g carpet pellets, 
57.5% nylon 6, 180 g/h steam, 320°C. Caprolactam yield 90%. 

sure from 100 to 600 Wa (&75 psig) increases the rate of caprolactam produc- 
tion, but the effect is most pronounced at the lower pressures. Figure 8 shows 
the effect of pressure at 320°C and constant steam flow on overheads caprolac- 
tarn concentration at 90% caprolactam yield (under these conditions, the con- 
centration is also an index of rate). It also shows the rates of formation of dimer 
and ammonia. It is clear that increasing pressure up to 1200-2000 Wa (160-275 
psig) increases the rate of caprolactam production and suppresses the rates of 
dimer and ammonia production. Similar effects are shown at 340°C (Fig. 9). 

FIG. 9. MPD pressure effect on rate and selectivity. Charge 180 g carpet pellets, 
57.5% nylon 6, 180 g/h steam, 340°C. Caprolactam yield 90%. 
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Comparing the two figures, we see that the lactam concentration increases at the 
higher temperature, but at the cost of increased dimer and ammonia formation. 
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Abstract 

Studies have been carried out to convert carpet waste into valued prod- 
ucts. Two common processes, injection and compression molding, can 
be used to recycle carpet waste. Three types of carpet waste have been 
recycled: (1) edge trim from carpet manufacturing, (2) polypropylene 
shear lint from cutting tufted carpet loops, and ( 3 )  separated polypropy- 
lene from postconsumer carpet waste. For injection molding, shredded 
carpet waste was debulked, ground, dried, and molded. For compression 
molding, the recycled carpet waste was combined with glass mat rein- 
forcement. The compression-molding process consists of debulking, 
stacking with glass mats, and consolidation. The mechanical testing re- 
sults are encouraging. The injection-molded samples showed properties 
acceptable for many applications. The glass-mat-reinforced carpet waste 
made by compression molding had properties comparable to commer- 
cial virgin thermoplastics reinforced with glass mat. 

Key Words: Carpet waste; Recycling; Injection molding; Glass-rein- 
forced thermoplastic. 
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INTRODUCTION 

Carpet waste can be categorized into two basic types: preconsumer and post- 
consumer carpet waste. Preconsumer carpet waste consists of waste generated 
in carpet manufacturing and waste from the carpet fitting process. In carpet 
manufacturing, the edges of carpet need to be trimmed and the edge trim and 
off-cuts are disposed as carpet manufacturing waste. In Dalton, Georgia alone, 
over 20 million kilograms of carpet manufacturing waste is generated every 
year. The carpet waste from fitting is concentrated in the automotive industry. 
In the fitting process, a quantity of carpet waste is generated as the carpet is 
cut into various irregular shapes. 

The other basic type of carpet waste is postconsumer waste. Approximately 
2 billion kilograms of old carpet is removed from homes and businesses an- 
nually (1-3). Also, 0.7 billion kilograms of carpet waste are generated annu- 
ally in Western Europe (4). Currently, most carpet waste is removed as part of 
the municipal waste and is disposed of by landfill. Compared to other munic- 
ipal wastes, carpet waste provides a relatively simple resource with few com- 
ponents (approximately 80% of the carpet produced in the United States con- 
tains nylon, polypropylene, calcium carbonate, and SBR latex). 

In this article, the technical feasibility of recycling carpet using two tech- 
niques is presented. In the injection-molding process, the carpet waste is re- 
cycled “as is,” without any additive, and the baseline properties of the molded 
samples are evaluated. In the compression-molding process, the approach fol- 
lowed is to reinforce the carpet waste with fiberglass mat to form glass-mat- 
reinforced thermoplastics (GMT) (5). The market for GMT using virgin ma- 
terials is growing, particularly for use in the automotive sector. Polypropylene 
is the most common matrix used in GMT (6). Therefore, carpet waste streams 
rich in polypropylene are emphasized in this study. The expectation is that 
glass-mat-reinforced carpet waste can be used in place of virgin polypropy- 
lene containing GMT. 

EXPERIMENTAL METHODS 

Material Analysis 

Three types of carpet waste were recycled in this study: (I) carpet edge trim 
from Shaw Industries, (2) polypropylene shear lint from Advanced Textile 
Recycling, Inc., and (3) separated polypropylene from a postconsumer carpet 
waste recycling pilot plant operated by DuPont Co. The compositions of these 
carpet waste samples are given in Table 1. 

The melt flow index of the carpet wastes was measured in a Melt Flow TQ 
(Ceast U.S.A.) instrument using a load of 2.16 kg. The mean of 12 readings is 
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TABLE 1 
Approximate Compositions of Edge Trim, Separated Polypropylene, 

and Shear Lint 

Carpet waste Source Appearance Component 

Edge trim Shaw Industries Chopped bales, many 
fibers >25 mm 
long, low-bulk 
density (<150 
kg/m3) 

Separated DuPont Co. Lintlike, low-bulk 
polypropylene density (<150 

Shear Lint ATR Inc. Lintlike, low-bulk 
kg/m3) 

density (< 150 
kg/m3) 

40% Polypropylene, 
15% face fibers 
(mostly nylon 6 
with some 66), 
45% SBR plus 
calcium carbonate 

98% Polypropylene 

98% Polypropylene 

listed in Table 2 along with the test temperatures. The procedure presented in 
ASTM D1238-90 was followed, except that the edge trim had to be tested at 
260°C rather that the recommended 230°C for polypropylene. Because the 
edge trim contains at least 20 wt.% calcium carbonate as well as some nylon, 
it does not flow well. 

A Seiko TG/DTA 220/320 was used to study the thermal properties of car- 
pet waste. A heating range of 30-500°C and a rate of 10"C/min were selected. 
The samples used were from the carpet waste after the debulking step. 

De bu I king 

Because the as-received chopped carpet waste had low-bulk density, less than 
150 kg/m3, it was difficult to feed it into the injection-molding machine with- 

TABLE 2 
Melt Flow Measurements for the Carpet Waste at 2.16 kg 

~~ 

Carpet waste 
~ 

Temperature ("C) MFI (g/10 min) 

Edge trim 
Separated polypropylene 
Shear lint 

260 
230 
230 

15.1 
10.7 
22.2 
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out debulking. Also, it is necessary to convert them into sheets for stacking 
with glass mats in compression molding. A 89-kN (10-ton) Wabash press was 
used to debulk the carpet waste. The carpet waste was spread evenly on a foil 
and sent into the press, which had been preheated to a temperature lower than 
232°C. A pressure lower than 700 kPa (100 psi) was then applied for less than 
10 min. The compacted sheet of carpet waste was ground using a grinder 
(Model 46 SP, Double Angle Cut, Polymer Machinery Co.) for feeding in the 
injection-molding machine. 

Injection Molding 

A Van Dorn injection-molding machine with a 670-kN (75-ton) clamp force 
and 148-cm3 (5-oz.) shot capacity was used to mold the samples. The ground 
carpet waste after debulking was vacuum-dried between 80°C and 110°C 
overnight. The molding temperature for edge trim carpet waste was set around 
260°C due to the presence of nylon 6,6 (melting temperature: -265°C). For 
the separated polypropylene (PP), a molding temperature less than 260°C was 
used. All the other settings were typical for polypropylene. At least 20 tensile 
samples (ASTM 638, type I) were obtained. 

Compression Molding 

A Wabash 445-kN (50-ton) vacuum compression press with 46-cm X 46-cm 
platens was used. A 30-cm X 30-cm mold was built for processing GMT sam- 
ples. The compact sheets of carpet waste after the debulking step were inter- 
leaved with glass mat. The glass mats were from PPG and had two basis 
weights, 275 g/m2 (0.9 oz./ft2) and 450 g/m2 (1.5 oz./ft2). The glass mats were 
sized by PPG for unsaturated polyester resin. The stacked compact sheets of 
carpet waste and glass mats were placed in the mold. Then, the mold was 
placed in the preheated press set between 220°C and 260°C. The door of the 
press was closed and a vacuum of 0.2 atm obtained. After preheating for less 
than 5 min, a pressure of 350-1050 kPa was applied for less than 10 min. The 
mold was then cooled under pressure to room temperature. The laminate of 
GMT was removed, trimmed of excess flash, and cut into test samples. 

Tensile Testing 

Tensile samples were prepared to a size 165 mm long by 19 mm wide with a 
gauge section width of 12.7 mm (ASTM D638, type I). The injection-molded 
samples were directly molded using a standard mold. The compression- 
molded GMT samples were cut using a diamond saw. The gauge section of the 
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samples were shaped using a Tensilkut milling machine. All tensile tests were 
conducted at room temperature on an INSTRON 1125 universal test machine. 
The tensile speed was 50 mdmin. The procedure in ASTM D638-90 was fol- 
lowed. An extensometer 2630-106 (gauge length: 25 mm; travel: + 12.5/-2.5 
mm) was used for modulus measurements. 

Impact Testing 

Izod impact tests were performed on the injection-molded samples and by Dy- 
natupTM testing on the compression-molded samples. An Izod impact tester, 
CS- 1371, was used on the injection-molded samples. The injection-molded 
samples were cut into 130-mm-long strips and notched 65 mm from one end 
in the CSI CS-93 sample notcher machine. The notched depth was 1.0 mm. 
The procedure presented in ASTM D256 was followed. 

A Dynatup 830-1 impact tester was used on the compression-molded GMT 
samples. A dart with a mass of 15.9 kg was dropped on the 100-mm X 100- 
mm sample at a velocity of 284 m d s .  The procedure presented in ASTM 
D3763-92 was followed. 

Density Measurement 

The density of the compression-molded GMT is determined using a technique 
outlined in method A of ASTM D792. The samples were weighed both in air 
and water and then substituted into the following two equations to obtain their 
densities: 

R = -  U 

P = Rpwater 

a - w  

where a is the weight in air, w is the weight in water, and p is the sample den- 
sity. 

RESULTS AND DISCUSSION 

Injection Molding 

The separated polypropylene was easy to mold after debulking and grinding. 
The molding conditions were typical for an injection-molding grade of 
polypropylene. The edge trim required a higher barrel and nozzle temperature, 
260°C, which led to some gas formation from degrading polymer. Higher in- 
jection temperatures led to severe degradation. The SBR latex in the edge trim 
was probably the source of this degradation. No molding trials were conducted 
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on polypropylene shear lint. The shear lint should be slightly easier to mold 
than the separated polypropylene due to its higher melt flow index (MFI). 

The mechanical test results of the injection-molded samples are shown in 
Table 3. A significant difference was observed between injection-molded edge 
trim and separated polypropylene. Separated polypropylene samples have 
about two times higher tensile strength than edge trim samples. Its elongation 
at break (32%) is also much higher than that of the edge trim. Compared to typ- 
ical virgin polypropylene, separated polypropylene has comparable mechani- 
cal properties, including tensile strength, tensile modulus, and Izod impact 
strength. However, its elongation at break (32%) is much lower than that of 
typical virgin polypropylenes (200-500%). The separated polypropylene still 
contains 2% impurities. Those impurities could be detrimental to the elonga- 
tion at break, which is sensitive to such inhomogenieties in the polymer. The 
edge trim properties are typical of a filled grade of polypropylene, except for 
the low modulus. The calcium carbonate present should raise the modulus; 
however, the SBR present should lower the modulus. The net result is a slightly 
lower modulus compared to separated polypropylene. 

In order to explain the mechanical property differences, the tensile fracture 
surfaces of the two carpet wastes were examined (Fig. 1). The edge trim waste 
is characterized by a highly inhomogeneous microstructure. Both phase sepa- 
ration and calcium carbonate filler are observed on the fracture surface. In 
contrast to edge trim waste, the separated PP has a much more homogeneous 
microstructure. Therefore, the low mechanical properties of edge trim, com- 
pared to those of separated PP, at least in part is attributed to this inhomoge- 
neous microstructure. 

The results in Table 3 c o n f i i  that injection molding is feasible for recy- 
cling the carpet waste and that there was not much degradation during mold- 

TABLE 3 
Mechanical Properties of Injection-Molded Samples 

Separated Typical virgin 
Materials Edge trim polypropylene polypropylene 

Tensile strength (MPa) 17.9 
(ksi) (2.6) 

Tensile modulus (GPa) 1.43 
(ksi) (207)" 

Elongation at break (%) 9.4 

(ft.-lb./in.) (0.3) 
Izod impact strength (J/m) 16 

~ 

29.0-38.6 
(4.2-5.6) 
1.03-1.72 
(150-250) 
200-500 

(0.4-0.6) 
21-32 

a Estimated without use of an extensometer. 
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(b) 

FIG. 1. Scanning electron micrographs of fracture surface of edge trim (a) and 
separated polypropylene (b). 
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ing for the conditions selected. Both of the two carpet wastes, especially sep- 
arated polypropylene, have acceptable properties for many applications. Due 
to the high viscosity and thermal sensitivity of the edge trim, it is best suited 
for molding thick parts. 

Compression Molding 

The density measurements of the compression-molded GMT samples are 
shown in Table 4. Azdel PM 10400 is a continuous-strand fiber-reinforced 
polypropylene sheet manufactured by Azdel, Inc. and is presented here as an 
example of a GMT based on virgin polypropylene. The PM 10400 sheet is 3.7 
mm thick and contains 40 wt.% glass. The GMT laminates prepared in this 
study contained nominally 40 wt.% glass; hence, the Azdel PM 10400 is a suit- 
able reference for the mechanical testing. 

As seen in Table 4, the density of GMT from edge trim is much greater than 
the densities of GMT from separated polypropylene, shear lint, or Azdel sheet. 
The edge trim contains high-density calcium carbonate. Based on the density 
for calcium carbonate of 2.85 g/cm3, the GMT with edge trim contains ap- 
proximately 21 % calcium carbonate by weight. 

The density provides an indication of the void content or degree of consol- 
idation of the composite part. The theoretical density of completely consoli- 
dated 40 wt.% glass GMT is calculated to be 1.23 g/cm3 (based on a density 
of 0.91 g/cm3 for polypropylene and 2.58 g/cm3 for glass fiber). Thus, the den- 
sities obtained in Table 4 imply that good consolidation was achieved using 
the separated polypropylene. The low density of the GMT from shear lint im- 
plies the presence of internal voids. The consolidation of the GMT from edge 
trim cannot be inferred solely from density measurements because the precise 
amount of calcium carbonate present is not known. 

TABLE 4 
Density Data of the Compression-Molded GMT 

from Carpet Waste 

Samples Density (g/cm3) 

GMT from edge trim 1.52 

GMT from shear lint 1.12 
Azdel PM 10400 1.18 

Note: All samples are nominally 40 wt.% glass. 

GMT from separated PP 1.18 



TABLE 5 
Tensile Properties of Compression-Molded GMT Samples 

Containing 40 wt.% Glass 

Azdel PM 
Materials Edge trim Shear lint Separated PP 10400 

Tensile strength (MPa) 109 84.1 95.8 95.2 
(ksi) (15.8) (12.2) (13.9) (13.8) 

Tensile modulus (GPa) 5.72 5.86 6.83 6.27 
(msi) (0.83)‘ (0.85) (0.99) (0.91) 

“Estimated without use of an extensometer. 

3.56 1 . r 34.0 
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Time, msec 

FIG. 2. Typical load and absorbed energy versus time curves generated in a Dy- 
natup test of GMT from carpet waste and the molded Azdel: (A) GMT from edge trim; 
(B) GMT from separated polypropylene; (C)  GMT from shear lint; (D) Azdel. 

(continued) 
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FIG. 2. Continued 

The tensile properties of the GMT laminates are shown in Table 5. The 
GMT laminates from carpet waste all have tensile strengths and moduli simi- 
lar to that of the Azdel product. The primary basis for this similarity is that the 
presence of the long glass fibers dominates the performance of these compos- 
ites. Even a GMT with a heterogeneous matrixlike edge trim performs com- 
paratively well. 

One of the primary reasons for long-fiber-reinforced thermoplastic 
composites, including GMT, is their excellent impact resistance (7). This fea- 
ture is one of GMT’s advantages in automotive applications. In this study, spe- 
cial attention was given to the impact behavior of the GMT from carpet waste. 
The load and absorbed energy versus time curves generated in Dynatup im- 
pact testing GMT from carpet waste and Azdel 10400 are given in Fig. 2. All 
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four materials show a similar response, which is between ductile and brittle 
deformations (8,9). The impact dart produced a clean punch in each GMT 
(Fig. 3). 

The impact resistance of a composite is determined by the total energy dis- 
sipated in the material before final fracture occurs. Good interfacial adhesion 
of matrix materials and reinforcements is required for the high-impact resis- 
tance. The total energy absorbed is generally selected to be the characteristic 
parameter to compare the impact resistance. These impact data are given in 
Table 6.  

It is necessary to point out that the data are dependent on the sample thick- 
ness. Because energy is absorbed both by crack initiation and crack propaga- 

2.54cm 

FIG. 3. Fracture surfaces of the impact tested GMT samples: (a) edge trim; (b) 
separated polypropylene; (c) shear lint; (d) Azdel. 
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TABLE 6 
Impact Data of Compression-Molded GMT Samples Containing 40 wt.% Glass 

GMT samples 

GMT from GMT from GMT from 
Properties edge trim separated PP shear lint Molded Azdel 

Maximum load, 3.23 (725) 3.31 (745) 3.71 (835) 3.48 (783) 

Deflection at 7.1 (0.28) 6.9 (0.27) 8.6 (0.34) 8.6 (0.34) 
kN (lb.) 

max. load, 
mtn (in.) 

absorbed, 
Total energy 21.4 (15.8) 28.3 (20.9) 21.7 (16.0) 22.4 (16.5) 

J (ft.-lb.) 
Sample 3.0 (0.12) 4.0 (0.158) 3.7 (0.145) 3.6 (0.14) 

thickness, 
mm (in.) 

Note: Impact velocity 3.4 m/s (1 1.2 ft./s). 

tion, the total energy absorbed cannot be normalized by the sample thickness. 
Because thicker samples should absorb more energy, the thickness of the lam- 
inates tested is reported in Table 6. Considering these thickness differences, it 
is concluded that GMT laminates from carpet waste have total energy absorp- 
tions comparable to the GMT from virgin polypropylene. Similar to the ten- 
sile properties, the presence of the long glass fibers in the GMT is more im- 

TABLE 7 
Effect of Glass Content on the Mechanical Properties of GMT from Shear Lint 

Properties 

Tensile strength, Tensile modulus, Impact strength, 
Samples MPa (ksi) GPa (ksi) J (ft.-lb.)” 

~ ~ _ _ _ _ _ _ _ ~  

Shear lint, 0% glass 25.5 (3.7) 1.72 (250) 5.6 (4.1) 
Shear lint, 20% glass 40.7 (5.9) 2.12 (310) 15.6 (11.5) 
Shear lint, 30% glass 55.2 (8.0) 2.76 (400) 18.3 (13.5) 
Shear lint, 40% glass 84.1 (12.2) 5.90 (855) 21.7 (16.0) 

a Based on a thickness of 3.7 mm (0.145 in.). 
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portant than the purity of the matrix. Thus, long-fiber-reinforcement provides 
an attractive route for enhancing the properties of recycled thermoplastics. It 
remains to be determined what level of impurity can be successfully tolerated 
in reinforced recycled thermoplastics. 

Because these thermoplastic waste streams are considerably less expensive 
than glass fiber and virgin polypropylene, a study was conducted on the effect 
of glass content on tensile and impact properties. These results for polypropy- 
lene shear lint are summarized in Table 7. It is evident that significant in- 
creases in all three properties are achieved with only 20 wt.% glass. The en- 
ergy absorbed in drop impact testing increased dramatically for the 20 wt.% 
glass laminate compared to no reinforcement. 

CONCLUSIONS 

The following conclusions are drawn from this study: 

1. The recycling of both production and postconsumer carpet waste by in- 
jection molding and compression molding has been successfully 
demonstrated. 
The GMT from carpet waste has comparable mechanical properties to 
GMT from virgin polypropylene. 
Significant improvements in the impact strength of shear lint samples 
are achieved by adding just 20 wt.% glass mat. 

2. 

3. 
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Abstract 

Being a simple one-step process for converting polymer directly into a 
nonwoven fabric, melt blowing is ideally suited for processing of several 
recycled plastics. The process uses hot air to draw the fibers and does not 
require precise, individual control of each filament as in the conventional 
fiber-spinning processes. Recycled polypropylenes (PPs) from several 
sources were investigated as candidates for melt blowing. Waste from 
spun-bond line and spun-bond-melt-blown-spun-bond (SMS) fabrics 
were pelletized and then melt blown at our facility. The feasibility of us- 
ing a melt-blowing line with an extruder gear pump unit to remelt the 
waste fiberdweb and feed it with the molten virgin polymer stream com- 
ing from the main extruder was explored. A 1000 MFR virgin PP resin 
and fabrics produced from that polymer were used for this investigation. 
Fabrics were characterized in all the cases for their performance proper- 
ties. Some of the relevant data are reported here. It was observed that in 
most of the cases, fabrics with good properties could be produced at high 
throughputs, thus demonstrating that most of the plant waste can be reused. 

Key Words: Nonwovens; Melt blowing; Fibers; Polypropylene; Recy- 
cling. 
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INTRODUCTION 

BHAT ET AL. 

Being a simple one-step process for converting polymer directly into a 
nonwoven fabric, melt blowing is ideally suited for processing of several re- 
cycled plastics. The process uses hot air to draw the fibers and does not require 
precise, individual control of each filament as in the conventional fiber-spin- 
ning processes (1,2). In preliminary studies using a 508-mm (20-in.) melt- 
blown line at The University of Tennessee, Knoxville (UTK), two postcon- 
sumer recycled polyethylene terephthalates (PET), one industrial-waste 
copolyester, and a virgin PET were melt blown (3). Additional research uti- 
lizing the 508-mm Accurate Products melt-blown pilot line at Textiles and 
Nonwovens Development Center (TANDEC) at UTK demonstrated that re- 
cycled postconsumer PET can be processed into usable melt-blown webs. 
Compared with the virgin PET used, which was tailor-made to have a rela- 
tively low intrinsic viscosity (IV) for melt-blown processing, the recycled 
polymer had a higher IV, which may have been largely responsible for the 
larger average fiber diameters, larger pore size, and higher air-permeability 
values obtained (4). 

Research was carried out to understand and improve the melt-blowing tech- 
nology for recycled polyester and to determine the performance properties of 
the melt-blown nonwoven webs produced (5,6). In order to improve the melt- 
blown processing of the recycled PET, attempts were made to decrease the ap- 
parent viscosity of recycled PET during processing. Three alternate methods 
(viz. hydrolytic degradation, thermal degradation, and blending with other 
polymers) were investigated. Generally, the PET polymer must be intensively 
dried before it is processed, because of its high sensitivity to water at higher 
temperatures. The hydrolytic degradation that takes place in the presence of 
moisture and heat during processing, although considered unsuitable in most 
of the applications, helped in improving the melt-blowability by decreasing 
the melt viscosity of recycled PET. Alternatively, use of a higher processing 
temperature to reduce the melt viscosity was investigated. 

Blending provides a straightforward, versatile, and relatively inexpensive 
method to develop new polymeric materials with superior combination of use- 
ful properties. Several researchers have studied the blending of PET and poly- 
butylene terephthalate (PBT) polymers in processing and the results have 
shown that the system behaves as a compatible polymer pair and can serve as 
a good guide to solve practical problems (7-9). Apparently, significant im- 
provement in properties of PET fiber could be achieved by blending with 
PBT. Low-molecular-weight PET was also used to blend with recycled PET 
to decrease the viscosity during processing. 

It was shown that recycled polypropylenes of different grades could be 
melt blown as long as they were fairly clean (10). In those cases, having the 
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appropriate viscosity grades for the melt-blowing process was important so 
that fabrics with good performance properties could be produced. For melt 
blowing, a process where drawdown takes place due to low melt viscosity of 
the polymer, with no positive takeup mechanism as in a typical fiber-spinning 
process, higher melt-flow-rate (MFR) resins process better, resulting in fine 
fiber webs. 

The waste coming from a spun-bond (SB) line and spun-bond-melt- 
blown-spun-bond (SMS) lines are different because of significantly different 
melt flow rates. It was important to actually process these reclaimed fibers and 
evaluate the melt-blown fabrics produced from them. Another objective of 
this work was to investigate the feasibility of using the J and M line in con- 
junction with the extruder gear pump (EG) unit to remelt the waste web and 
feed it with the molten virgin polymer stream coming from the 63.5-mm ex- 
truder on that line. If this technique could be shown to work effectively, it 
would be an ideal system to recycle the inplant fabric waste. As there is in- 
creased interest by the industry into melt-blowing 1000 MFR and higher melt- 
flow-rate resins, it was decided that the feasibility of processing and recycling 
this grade of PP be investigated. 

EXPERIMENTAL PROCEDURE 

Materials 

The materials used in the study are listed in Table 1. All of these are industrial 
wastes only, not postconsumer. Both the SB and SMS reclaimed fabric were 
pelletized at Stevens Technical Institute, Brooklyn, NY. Standard conditions 
suggested by the ASTM D-1238 method were used to determine the MFR of 
all the samples using the Tinius Olsen melt indexer. The MFR of the pellets 
are shown in Table 1. For the nominal 1000 MFR PP, the actual MFR of re- 
claimed fiber could not be determined, as it was higher than the range that 
could be measured using the Tinius Olsen melt indexer. 

TABLE 1 
Polypropylenes Used in This Study 

~ ~ ~ 

Recycled SB fabric (pelletized) 48 
Recycled SMS fabric (pelletized) 118 
Virgin PP 1000 
Melt-blown fabric from 1000 MFlI resin - 
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Processing 

The first series of melt-blowing trials were performed on the Accurate Prod- 
ucts 508-mm- (20-in.) wide melt-blowing pilot line (Fig. 1) at TANDEC. The 
line consists of a 50%” extruder with 30/1 1engtWdiameter (LID), screen 
changer, metering pump, and a horizontal die with 501 holes with individual 
diameters of 0.4 mm. Hot air is supplied by a rotary-screw air compressor, 
which has a maximum capacity of 18.4 m3/min and a furnace for heating the 
air. The processing conditions used for both the polymers are given in Table 
2. The processing temperatures were higher than those typically used for PP 
polymers. Because the viscosities of these polymers with relatively low MFR 
were higher for melt blowing, higher temperatures had to be used to achieve 
some degradation and lowering of melt viscosity. In all these trials, efforts 
were made to adjust the collector speed to achieve web basis weights of 35 
g/m2 (1 .O oz./yd2). 

Studies with 1000 MFR PP were conducted using the J and M melt-blow- 
ing line at TANDEC consisting of a Davis-Standard (Pawcatuck, CT, 
U.S.A.) 63.5” extruder for melting the polymer, metering system, melt 
transport to the die, melt-blowing die (vertical), the hot-air supply (compres- 
sor was used in this work instead of the blower because of the higher operat- 
ing air pressure), and the winding system for collecting the web. In addition to 
the extruder, there exists an extruder gear pump system for melting and pump- 
ing of the polymer. The extruder gear pump melt systems process a polymer 
utilizing the “progressive melt theory,” which means that the polymer is 
heated gradually through various stages of heat zones. Once the polymer is 
placed in the hopper or premelt section, it contacts heated grids at the bottom. 
The molten material flows to the main melt zone by gravitational feed, where 

AIR MANIFOLD 

COLLECTOR 

FIG. 1. The Accurate Products melt-blowing pilot line at TANDEC (horizontal 
die). 
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TABLE 2 
Processing Conditions Used for Melt-Blowing of PP 

(Accurate Products line) 

Recycled polymers 
~ 

SMS SB 
(1 18 MFR) (48 MFR) 

Polymer throughout (g/hole/min) 0.4 0.4 
Die temperature ("C) 327 33 1 
Air temperature ("C) 305 299 
Air flow (m3/min) 9.4 9.4 
Die-to-collector distance (cm) 30 35 

the temperature is further elevated. From the main melt, the molten material is 
fed to a precision gear pump by an auger screw. The melt is then metered, 
pressurized, and filtered before entering the transfer hose. 

Although the extruder gear pump system was designed as a stand-alone 
system for melting of adhesives for melt blowing, the UTK system is designed 
such that the polymer melt from the extruder gear pump unit can be fed into 
the melt stream of the extruder at the final mixing zone (Fig. 2). This enables 
one to use either the extruder or extruder gear pump unit, or the combination 

-1 1'"1 WINDER 

FIG. 2. The J and M melt-blowing pilot line at TANDEC with the extruder gear 
pump unit (vertical die). 
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TABLE 3 
Processing Conditions for 1000 MFR PP (J and M Line) 

Sample 
No. Sample identification" 

1 Virgin PP in extruder 
2 
3 50/50, Residfabric 
4 75/25, Residfabric 

a Processing conditions for the samples were as follows: through- 
put: 0.8 g/hole/min; extruder gear pump temperature: 246°C; melt tem- 
perature: 268°C; melt pressure: 0.3 MPa; air temperature: 243°C; air 
flow: 9.6 m3/min; die-to-collector distance: 254 111111. 

Fabric (1000 MFR) in extruder gear pump 

of the two in feeding the molten polymer to the die. In the current project, the 
feasibility of using both the units, with the extruder gear pump unit as a sup- 
plier of the recycled material to the virgin polymer melted by the extruder, was 
investigated. The processing conditions used are summarized in Table 3 .  Ef- 
forts were made to produce webs of about 35 g/m2 (1 oz./yd2). 

Determination of Web Properties 

The standard tests performed to evaluate the physical properties of the melt- 
blown webs are listed in Table 4, with their corresponding ASTM methods. 

TABLE 4 
Test Methods for Physical Properties of Melt-Blown Web 

Property measured 

Basis weight 
Thickness 
Air permeability 
Bursting strength 
Stiffness 
Pore size 
Melt flow rate 
Tenacity and elongation to break 
Fiber diameter 
Filtration efficiency 

Standard method 

ASTM D 3776-85 
ASTM D 1777-64 
ASTM D 737-75 
ASTM D 3787-80A 
ASTM D 1388-64 
ASTM F 316-86 
ASTM D-1238 
Tensile testing 
Electron microscopy 
Filtration tester 



MELT BLOWING OF RECYCLED POLYMERS 505 

Tests performed that did not have a corresponding ASTM method are de- 
scribed below. 

The diameters of the fibers were measured from high-resolution scanning 
electron microscopic (SEM) photographs obtained from different areas of the 
webs using a Hitachi (Gaithersburg, MD, U.S.A.) S-800 model instrument. 
The webs were coated with between 2 and 5 nm of chromium, deposited by 
Baltech MS-12 ultrahigh-vacuum ion beam sputter coater. Chromium is used 
to both minimize charging and to enhance the image contrast. Five photomi- 
crographs were taken for each web. The magnifications used ranged from 300 
to 600 times. The reported fiber diameter values represent an average of 50 
such measurements. For some of the samples, diameter values were obtained 
from the pressure drop during filtration testing using an aerosol of 0.1 pm 
NaCl at a velocity of 5 c d s ,  instead of using SEM photographs. This method 
has been shown to correlate well with fiber diameters obtained from SEM 
photographs ( 1 1). Filtration efficiency was determined using the automated 
TSI (St. Paul, MN, U.S.A.) Model 81 10 tester. Tests were carried out with 0.1- 
pm NaCl particles at different face velocities. 

The tensile properties of the fabrics were determined by testing 25.4-mm- 
wide, 254-mm-long samples in a United (Huntington Beach, CA, U.S.A.) 
tensile tester (Model SSTM-1-E-PC). A gauge length of 127 mm with an elon- 
gation rate of 127 mdmin  was used for the study according to ASTM D1117- 
80. An average of five readings is reported for each sample tested. The elon- 
gation at maximum load is reported as the breaking elongation. The shot rating 
was done using the comparative standard photographs developed at TANDEC 
at UTK. A rating of 0.5 indicates minimum shots and a rating of 5.0, highest 
among the samples. The rating was given by looking at the overall surface of 
the web and the standard photograph side by side under standard lighting. 

RESULTS AND DISCUSSION 

SB and SMS Fabrics 

The properties of the melt-blown fabrics produced from both reclaimed SB 
and SMS are shown in Table 5. Both fabrics were of almost the same basis 
weight. The thickness of the SMS fabrics was slightly higher; indicating the 
differences in the densities of these fabrics. This higher thickness may also be 
due to the larger-diameter fibers in them. Although the SMS material resulted 
in a relatively larger diameter, both samples had fiber diameters close to 3 pm. 
which is very good. Air permeability and tenacity are comparable for both 
sets. The machine-direction breaking elongation is lower for melt-blown non- 
wovens from SMS and shows higher stiffness values as well. These properties 
are due to the lower molecular weights of the material as seen by higher MFR 
values. 
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TABLE 5 
Properties of Melt-Blown Webs Produced from Recycled 

SMS and SB Polypropylene Nonwovens 

Properties SMS" SB 

Basis weight (g/m2) 36.7 36.6 
Thickness (pm) 357.0 33 1 .O 
Fiber diameter (pm) 3.3 2.7 
Air permeability (m3/s/m2) 0.5 0.5 
M D ~  tenacity (mN/tex) 15.6 15.5 

MD elongation to break (%) 19.0 33.0 
CD elongation to break (%) 76.0 45.0 
MD stiffness (mg cm) 414.0 370.0 
CD stiffness (mg cm) 205.0 166.0 
Bursting strength (kPa) 57.0 55.0 

CDb tenacity ("hex) 8.3 9.8 

a Experimental SMS (without repellent finish). 
MD = machine direction: CD = cross direction. 

Not only were the MFR values of the starting material for SMS higher (1 18 
compa-ed to 48 for SB), the MFR value of the melt-blown fabrics was also 
higher (352 for SMS and 266 for SB). From the MFR values of the melt-blown 
fabrics, it becomes clear that the values are still in the range that can be used 
for melt blowing. In fact, these fabrics can be pelletized and melt blown at 
least one more time, as the current resins used in melt-blown applications have 
MFR values in the range of 800 or higher. Another observation is that higher 
processing temperatures had to be used for these samples because of their very 
high molecular weight and correspondingly higher melt viscosity. On the 
other hand, a higher-MFR polymer has an advantage that the material can be 
processed at a much lower temperature to achieve samples with comparable 
fiber diameter and corresponding performance properties. 

1000 MFR Polymer 

The virgin polymer was fed into the extruder, whereas the recycled webs were 
fed into the EG unit. The results are summarized in Table 6. The basis weight 
and thickness of the webs collected with different compositions (100/0,50/50, 
75/25,0/100, virgirdrecycled) were almost the same in all the cases. The fiber 
diameter was marginally higher in the case of blends compared to 100% vir- 
gin or recycled material. Nevertheless, the fiber diameters achieved were low 
enough to produce high-quality webs. For samples produced from blends of 
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TABLE 6 m n 
0 -< 

Basis Air Fiber (mN/tex) (%I (mg cm) Bursting 0 
Sample weight Thickness permeability diam. strength -0 

Physical Properties of Melt-Blown Webs Produced from 1000 MFR PP 

m 

ID" (g/m2) (Pm) (m3/s/m2) (pm) MD CD MD CD MD CD ( k W  

1 36.0 379 0.24 1.85 8.6 3.7 2.5 4.2 313 124 13.8 

3 35.3 370 0.56 2.57 7.4 2.8 1.7 2.3 344 179 12.4 v) 

4 34.6 347 0.51 2.47 8.0 3.1 1.7 2.1 337 205 13.1 

2 33.9 382 0.40 2.10 7.3 2.6 1.8 2.9 186 111 11.1 g 

a Sample numbers correspond to those identified in Table 3. 
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virgin and recycled-material fiber diameters were slightly higher with a wider 
scattering of data points. This is probably due to the degradation of the poly- 
mer and change in molecular-weight distribution. Also, at the throughputs that 
were used, there is very little time for complete mixing of the two streams of 
melt and this incomplete blending can have some inherent variability that 
leads to property variations in the fiber and the web. 

As can be seen from Figs. 3 and 4, lower fiber diameter values in the webs 
were accompanied by correspondingly smaller pore size and higher filtration 
efficiency. All these properties are expected, as they are very much dependent 
on the fiber diameter. The effect of reprocessing is seen in lower stiffness 
(Table 6) and higher shot rating (Fig. 5 )  of the 100% recycled webs compared 
to that of 100% virgin, and webs made of blends of recycled and virgin PP. 
Tensile properties indicate that the addition of recycled content into the poly- 
mer stream reduces tenacity only slightly. The breaking elongation (Table 6) 
of the webs produced from recycled polymers is slightly lower. The webs are 
more brittle compared to the SMS and SB polymers, which is the expected re- 
sult because of lower-molecular-weight material and having recycled content 
contributes to only a slight increase in brittleness. 

Overall tensile properties of the 1000 MFR polymers are much poorer com- 
pared to that of the SMS and SB fabrics. This is obviously due to the lower 
molecular weights of the polymer as the differences between 50-100 MFX 
and 1000 MFR lead to large differences in melt viscocities. However, the ad- 

" 
lW% Virgin SO%V/M4bR 75%V/25%R 100% Recycled 

Samples 

FIG. 3. Pore size of 1000 MFR melt-blown webs. 
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vantages of higher melt flow rates are in lower processing temperatures and 
significant reduction in energy consumption, as it has been shown that with in- 
crease in processing temperature, energy used goes up, which is the significant 
portion of the processing cost (12). When using the EG unit, the dwell time is 
much higher than in an extruder, and as the melting has to take place with no 
shear, there is an opportunity for an increase in degradation and molecular- 
weight distribution. This can have some detrimental affect on the properties of 
the webs. 

SUMMARY 

Waste from both SB and SMS fabrics, which were reclaimed and then pel- 
letized, could be melt blown successfully to produce quality webs with prop- 
erties comparable to that from virgin polymers. The results have shown that 
the extruder gear pump unit can be used to blend recycled materials into the 
virgin polymer stream. Although slight differences in properties of the web 
were observed, it should be noted that the amount of recycled content was con- 
siderably high. In reality, there is no need to blend more than 10-25% of re- 
cycled material. Furthermore, even though the webs with high recycled con- 
tent were slightly weaker, they were softer and may be better for some 
products. 
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Abstract 

Large-volume usage of textile and carpet fibrous waste may be achieved 
with a low-cost material that has woodlike properties. Formulations and 
properties of composites, laminates, and honeycomb sandwich 
constructions made from carpet and textile fibrous waste in a high-mod- 
ulus phenol formaldehyde matrix are described. Using design parame- 
ters based on the mechanics of bending beams and the moduli of the fi- 
brous component materials, one can achieve apparent bending moduli of 
1 million psi (6.9 GPa) and bending strengths of 10,000 psi (69 MPa). 
To achieve these woodlike properties, it is best to use waste carpet ma- 
terial in the core and higher-modulus textile materials such as cotton and 
polyester in the outer layers. About 20 wt.% phenolic resin is suggested 
for the matrix component. 

Key Words: Recycle; Waste carpet; Waste textile; Phenolic resins; Com- 
posites; Laminates; Honeycomb. 

INTRODUCTION 

Limited landfill capacity and an increase in the environmental awareness and 
government regulations have spurred efforts for the recycling of postcon- 
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sumer and postindustrial synthetic and natural polymeric materials. These 
waste polymeric fibrous materials contain about 8 billion pounds of waste (l), 
primarily cotton, polyester, nylon, and polypropylene. The sources of these 
postconsumer and postindustrial fibers come from textiles and carpets; for ex- 
ample, in the making of garments, about 10-15% of the fabrics are cutting 
waste, about 2 billion pounds per year (2). Of these 2 billion pounds, about 1.2 
billion pounds are currently being recycled (2). Also, a significant amount 
of the 2.5 billion pounds of clothing donated to charities are landfill (2). 
These waste fabrics are primarily composed of cotton, polyester, and 
cotton-polyester fiber blends. Another large source of waste fibers comes 
from the carpet industry. About 6 billion pounds of carpet is produced annu- 
ally in the United States. This material starts showing up as waste in landfills 
after about 7 years. There is also some 40 million pounds of waste carpet ends 
(carpet selvage) produced annually in the manufacture of carpets (3), and this 
constitutes a very serious environmental issue in Dalton, Georgia. 

Fabric materials are made of natural fibers (e.g., cotton, wool, and silk) as 
well as synthetics (e.g., polyester, nylons, acrylics, and polypropylene). These 
materials are very often composed of blended yarns and fibers $e., polyester 
and cotton). To make these fabrics more attractive, they are almost always 
dyed in a variety of colors and may contain a variety of surface additives as 
well as Ti02 as a delusterant. Because of the variable colors and fiber compo- 
sition, only a limited use can be found for these waste materials. However this 
waste is produced at a very limited number of manufacturing sites, making 
collection a simpler task compared to the collecting from the general public. 
This material is also clean and can be readily shipped to central processing 
centers without special handling. Those fabric materials donated to charities 
are also generally clean and collected from a limited number of sites. 

The other very large source of waste fibers is from waste carpets. Typical 
conventional carpeting includes three primary components: 

1. A face yarn that generally consists of nylon 6 or nylon 66 fibers with 
smaller amounts of polyester, polypropylene, acrylics, wool, and cot- 
ton fibers. 
A carpet packing that is generally made of polypropylene fibers with a 
much smaller amount of jute fibers. 
An adhesive material (usually styrene-butadiene rubber) applied as a 
latex and cured after application. The adhesive is usually filled with an 
inorganic material such as calcium carbonate. 

2. 

3. 

These typical carpet constructions are well known in the industry and are ex- 
emplified in U.S. Patent 4,643,9030. 

The diverse chemical structure of waste fibers from textiles and carpets 
generally precludes the melt processing of the incompatible fiber components. 
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This makes economical use of this material a particularly difficult technolog- 
ical challenge. Previous efforts for disposing waste textile and home furnish- 
ing fiber materials by individuals and corporations have relied on the follow- 
ing: 

1. Placing the material in landfills 
2. Burning fibrous waste in massive incinerators 
3. Separating the components by their density followed by depolymer- 

ization to recover the monomers of the polyamides (4-6). 
4. The use of supercritical fluids such as C02 to dissolve the fibers fol- 

lowed by precipitation (7) 
.5. Melt extruding the unseparated carpet components into a polyblend 

composite, which is described in U.S. Patent 5,294,384. 

The above processes have not been satisfactory from either environmental or 
economic points of view, whereas the melt-extruded polyblends have particu- 
larly weak interfacial adhesions between the incompatible blend components. 
This does not produce a very satisfactory product without the use of expensive 
compatabilizers required to improve the interfacial adhesion. The use of melt- 
blended carpet materials as the dispersed phase in a virgin nylon or polypropy- 
lene matrix does not appear to have been developed. Natural fibers cannot be 
melt blended with nylon or polyesters because the required high melt temper- 
atures cause extensive degradation. 

Our approach to recycling of fibrous waste textiles and carpets is to shred 
the fabrics to their individual fibers, yarns, and small fiber bundles and coat 
the mixed but unsegregated fiber components and cured latex particles with a 
low-viscosity structural adhesive. The precursor structural adhesive can also 
be present as a low-melting solid that on melting has a low viscosity, about 10 
P, which allows the coating of the fine fibers and penetration into fiber bun- 
dles. The mixture, which may contain one or more components consisting of 
coated fibers, yarns, fiber bundles, and fabric bits is then heated under applied 
pressure to effect a cure of the matrix coating. The polypropylene fibers that 
may be present in the waste fibrous mixture may be processed in either a 
melted or unmelted form, depending on the molding temperature selected. Be- 
cause the polypropylene fiber component does not strongly adhere to struc- 
tural adhesives, the weight ratio of this fiber component to the strongly adher- 
ent fibers, such as nylon, polyester, acrylics, cotton, wool, and silk, will 
significantly affect the mechanical strength of the composite for a given 
amount of structural adhesive and curing conditions. The presence of the 
polypropylene when melted during the curing conditions does provide for vis- 
cous flow during the processing step. This fluidity can be particularly impor- 
tant if an extrusion procedure is used in the composite manufacturing. The 
cured composite can be used as a wood or metal substitute in applications such 
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as subflooring, roofing materials, house siding, pallets, strand board, supports 
for outdoor signs, and railings, and in outdoor applications where wood and 
metal are currently used in transportation and road construction. 

MECHANICAL ANALYSIS (8-1 1) 

To act as a wood or metal substitute, we require rigid structures. To a good ap- 
proximation, the bending modulus of a composite is given by 

Mtotal = 1 ViMi (1) 
1 

where Mi is the bending modulus of the ith component, Vi is the volume frac- 
tion of the ith component, and Mto, is the resulting bending modulus. 

Table 1 lists the modulus of phenol formaldehyde, carpet fiber components, 
and textile fibers used in this study. We note that cotton fibers have the high- 
est modulus of about 1.2 million psi (8.3 GPa), followed by oriented polyester 
fibers. [With synthetic fibers, the modulus is, of course, dependent on the ex- 
tent of orientation. The values for the moduli for carpet and textile applica- 
tions are significantly lower than those for industrial applications (e.g., tire 
cord).] Because our current equipment does not have pressure cycle capabili- 
ties, we require some polypropylene to be present to provide the necessary vis- 
cous flow during the molding process to transfer the pressure from the com- 
posite to spacers. This is necessary to release the steam produced. This 
high-pressure steam can cause blowouts in the molding if not released. The 
presence of this high-pressure steam will undoubtedly relax some of the ori- 
entation and reduce the effective modulus of the fibers in the composite. Be- 
cause of the poor bonding of polypropylene to the high-modulus matrix adhe- 

TABLE 1 
The Bending Modulus (GPa) of Components 

Used in Study 

Component Molded Oriented 

Cotton 8.3 
Wood 6.9 
Polyester 2.4 6.9 
Polypropylene 1.4 6.9 
Nylon 1.6 3.0 
Phenol formaldehyde 6.9 

Source: Ref. 12. 
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sive, we consider the polypropylene phase a nonreinforcing filler and assume 
its contribution to the strength and modulus is small. 

For a three-point flexural loading configuration, the flexural modulus (EB) 
is given by 

~~m 
4bd3 

EB = - 

where L is the support span, b is the width of the beam, d is the depth of the 
beam, and m is the slope of the tangent to the initial straight-line portion of the 
load deflection curve. 

The flexural rigidity of a rectangular isotropic beam is given by 

Ebd3 Rigidty = - 12 ( 3 )  

Equation (3) shows that the rigidity of the beam is determined by the modulus 
of the material for a given set of dimensions. 

To improve the rigidity of the composite, a laminate structure can be used, 
where the core contains the coated waste carpet components, primarily carpet 
selvage, and the outer layers contain the higher-modulus fibers such as cotton, 
polyester, and polyester cotton fiber blends (polycotton). This can be seen 
from the rigidity equations of a sandwich beam with faces of equal thickness: 

E b t 3  E,bc3 Efbtd2 
Rlaminate = (+) + (7) + (7) ( 4 )  

where Ef is  the modulus of the face layer, E, is the modulus of the core, b is 
the width of the beam, c is the core thickness, d is the distance between cen- 
triods of the faces, and t is the face thickness. The first and second terms de- 
scribe the bending stiffness of the faces and core about their centroids. These 
terms give the stiffness of the beam if the faces were not bonded to the core. 
The third term is generally the largest because t i s  usually small for weight rea- 
sons and td2 % ?. E, need not be small with respect to Ef, but because td3/2 is 
usually much larger than c3/12, again for weight reasons, it makes more sense 
to put the higher-modulus fibers in the face layer and use the lower-modulus 
fibers that do not bind strongly to the matrix (e.g., polypropylene) in the core. 
Equation ( 4 )  also points out the importance of interfacial strength between the 
core and the face because the last term for bonded sandwich beams almost al- 
ways has, by far, the largest value. With paper honeycombs coated with a phe- 
nolic resin, the last term contributes well over 95% of the stiffness (8). This is 
not always the case with laminates made of waste fibers, where the core can 
contribute 10-20% to the overall rigidity. 
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On bending, there is always some contribution to the overall deformation 
due to the shear deformation of the core, particularly with paper honeycombs. 
This can give low rigidity values to a test piece compared to that predicted by 
Eq. (4). This is recognized in the ASTM C393 procedure “Flexural Properties 
of Sandwich Constructions.” Here, both the bending and shear displacements 
as a function of the applied force are specified. Because the face layers have 
little shear component, we need only consider the shear component of the 
core. The stiffness of the sample, PID, is given by the force (P)  versus dis- 
placement (D) correlation for three-point bending with thin faces: 

p = (24&2) + (&) 
Here, G, is the shear modulus of the core. To make the stiffness large, one 
makes the width of the beam (b), face thickness (t), and core thickness (c) 
large while keeping the length of the span (I) short. To minimize the shear 
component, one makes the length of the span (I) short and the core thickness 
(c) large. For many applications, one looks for the maximum in the stiffness 
or strength for a minimum in weight as the selection criteria. 

With laboratory testing, one has to be aware that the shear component of 
the honeycomb core is very significant because of sample size restrictions. 
This shear displacement reduces the apparent modulus on bending using the 
force-displacement data. For design work, it is therefore best to measure the 
bending modulus of the face layers independently using Eq. (1) and then cal- 
culate the rigidity of the honeycomb using Eq. (4). Measurement of the 
force-displacement of the product is always desirable. One can also measure 
the shear modulus of the honeycomb using ASTM C273 and calculate the 
force-displacement for the product using Eq. (5). One can also, in principle, 
evaluate Eq. ( 5 )  by measuring the force-displacement of the test sample as a 
function of length and determine G, and E? Unfortunately, the range of 
lengths available in the three-point bending apparatus used in this study is 
quite limited, about 2-5 in. (5-13 cm), and does not permit an accurate eval- 
uation. 

EXPERIMENT 

Fibrous carpet waste was obtained from shredded carpet selvage or carpet 
samples. Fibrous textile waste was obtained from shredded cotton socks and 
polycotton (polyester cotton) fabrics. Wood fibers, about 3 mm long, were ob- 
tained from unidentified shredded hardwoods. The fibrous material was then 
spray-coated with the desired amount of phenol formaldehyde resin, either of 
the resole or novalac type, and cured in a press under 500 psi (3.4 MPa) and 



WOODLIKE PROPERTIES FROM FIBROUS WASTE 51 9 

generally at 195°C. The length of time depended on the plaque thickness. A 
typical 0.2411. (0.25-cm) thickness required 20 min. Because our 18411. X 18- 
in. (0.46-m X 0.46-m) press did not have the means to control the pressure as 
a function of time, the use of spacers was found advantageous. As the 
polypropylene component melted, the pressure was transferred to the spacers, 
allowing volatile components, primarily water, to be vented. This prevented 
the occurrence of “blowouts.” The hot cured material was then cooled in an 
adjoining cold press to prevent warpage. Mold release paper was used to pre- 
vent sticking to the platens. In joining the cured outer layers to the phenolic- 
resin-coated paper honeycomb core, it was necessary to sand the surfaces to 
remove the silicone residue. The same phenolic resin used to coat the fibrous 
material in the outer layers was used as an adhesive between the core and the 
outer layers. The sandwich construction was then cured at 190°C for 10 min 
under a pressure of 50 psi (0.34 MPa). 

The flexural properties of the molded samples were determined using 
ASTM D 790-95a. A 1-in.- (2.5-cm) wide specimen on 4-in. (10.2-cm) sup- 
ports with a center deflection was generally used in this test. A displacement 
speed of 0.21 in. (5.3 mm) per minute was used. Flexural testing of honey- 
comb sandwich laminates used ASTM C 393. Water absorption testing used 
ASTM D 570 and density measurements used ASTM D 792. The impact 
strength was evaluated using a falling weight test, ASTM D 3029. A 1.78-kg 
tub was used. 

RESULTS AND DISCUSSION 

The primary properties for our targeted applications are flexural properties, 
water absorption, dimensional changes after soaking in water, impact proper- 
ties, and creep under load. The flexural properties are dependent on the struc- 
ture and composition used, particularly the composition of the layers and dis- 
tance of these layers from the neutral axis of the test piece. In our work, we 
have used essentially symmetrical structures so that the neutral axis is located 
near the center of the test specimen. This condition can be relaxed for some 
applications where one surface may contain more structural adhesive andor 
high-modulus fibers. This type of structure will move the neutral axis closer 
to the higher-modulus fibrous surface and thereby act to lower the contribu- 
tion of the outer layers to the rigidity of the product. 
The structures that we employed are as follows: 

1. A composite where the fibrous components are mixed and all the com- 
ponents are coated with the low-viscosity (less than about 30 P) pre- 
polymers of phenol formaldehyde that are usually in a water base. The 
particular test material is then molded under an initial pressure of 500 
psi (3.4 MPa) and at about 195°C for 20 min. 
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2. Type “A” laminates, where the carpets are laid back to back and only 
the face yarns are coated with the structural adhesive. Additional lay- 
ers of coated high-modulus waste fibers andor wood fibers can be 
added. To improve the interfacial strength of the backing to face yarn, 
3-mm- (U8-h)  diameter holes on 1/2-in. (1.3-cm) centers or smaller 
are made in the backing to allow penetration of the uncured resin into 
the backing. These protrusions of the resin in the backing form strong 
anchor points with the face yarn layer during curing. 
Type “B” laminate, where coated shredded fibrous wastes are used as 
the core with coated higher-modulus fibers (e.g., cotton, flax, and 
wood) as the outer layers. 
A honeycomb sandwich structure having a resin-coated (usually a phe- 
nolic resin) paper core with outer layers made of a composite, type “A” 
laminate, or type “B” laminate structure. 

The bending moduli of the fibrous waste and whether they adhere to the 
phenolic resin matrix are very important to their placement. Polypropylene 
fibers, which are melted in the curing cycle, have a flexural modulus of about 
200,000 psi (1.4 GPa). Because these fibers do not adhere well to the matrix, 
the polypropylene phase contributes little to the rigidity of the sample. It is 
best placed in the core of a laminate. In a composite, the polypropylene phase 
near the surface acts at best as a nonreinforcing filler and reduces the bending 
rigidity of the sample. Carpet selvage with significant polypropylene content, 
amounting to some 40 million pounds per year in Dalton, GA, is therefore a 
good choice for the core. The addition of some fibers to the core that bind 
strongly to the matrix is also desirable. The bending modulus of oriented 
polyester, nylon 6, and nylon 66 fibers are difficult to characterize because of 
variable orientation, crystallinity, crystal size, and relaxation of the fiber ori- 
entation during curing, which reduces the modulus of the fibers. The moduli 
for various components are given in Table 1. The phenolic resin bending mod- 
ulus ranges from 1 to 1.2 million psi (6.9-8.3 GPa). A similar range is found 
for wood and cotton. It is therefore to be expected and it is found that lami- 
nates with waste cotton and wood in the outer layers provide the highest ap- 
parent flexural moduli. 

The amount of resin used to coat the fibers is also important because it is 
necessary to ensure complete coverage of the fibers as well as adding stiffness 
to the material. We found that about 20 wt.% resin solids gave us satisfactory 
properties. Lower amounts of resin reduce the flexural modulus, whereas 
larger weight fractions become uneconomical with resin costs of about $1 .OO 
per pound. 

Typical values for flexural moduli, strength at break, and center strain at 
break for selected composite structures are shown in Table 2. Values for the 

3. 

4. 
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TABLE 2 
Flexural Properties of Selected Composites 

Composition 

348: Shred selvage, 27 wt.%; shred cotton, 53 wt.%; 

349: Shred selvage, 27 wt.%; shred cotton, 53 wt.%; 

350: Shred, selvage, 16 wt.%; shred cotton, 64 wt.%, 

353: Shred selvage, 16 wt.%; shred cotton, 64 wt.%; 

351: Shred selvage, 27 wt.%; shred cotton, 53 wt.%; 

352: Shred cotton, 80 wt.%; phenolic," 20 wt.% 
468: Shred nylon carpet postconsumer, 80 wt.%; 

469: Shred nylon carpet postconsumer, 64 wt.%; wood 

470: Shred PET carpet postconsumer, 80 wt.%; 

471: Shred PET carpet postconsumer, 64 wt.%; wood 

389: Shred selvage, 24 wt.%; shred cotton, 48 wt.%; 

390: Shred, selvage, 22 wt.%; shred cotton, 42 wt.%; 

391: Shred selvage, 16 wt.%; shred cotton, 32 wt.%; 

phenolic," 20 wt.% 

phenolic," 20 wt.% 

phenolic: 20 wt.%; 

phenolic: 20 wt.%; 

phenotic,' 20 wt.% 

phenolic," 20 wt.% 

fiber, 16 wt.%; phenolic," 20 wt.% 

phenolic," 20 wt.% 

fiber, 16 wt.%; phenolic," 20 wt.% 

wood pine, 8 wt.% phenolic," 20 wt.% 

wood pine, 16 wt.% phenolic," 20 wt.% 

wood pine, 32 wt.% phenolic," 20 wt.% 

Flexural Flexural 
modulus strength 

(GPa) (MP4 

4.4 60 

4.0 52 

3.3 46 

3.2 56 

2.6 36 

5.6 52 
1 .o 15 

2.2 21 

1.9 20 

2.4 30 

2.8 37 

3.5 52  

4.3 50 

a Oxychem 29353. 
Different spacer size. 
Ashland DR359. 

flexural moduli show about a 20% spread about the mean. This is much larger 
than encountered with more uniform materials. Compared to cotton fibers in 
a phenolic matrix, sample 352, the shredded nylon carpet in a phenolic matrix, 
sample 468, is about one-sixth in its stiffness. This is what one would expect 
from Eq. (1). Similarly, a comparison made between sample 468 and 470 
shows the higher modulus for PET over nylon. Both samples indicate that the 
presence of polypropylene in the composite acts more like a nonreinforcing 
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filler or diluent because we would expect a minimum of about 200,000 psi (1.5 
GPa) from the phenolic matrix. Similarly, we find the presence of about 16 
wt.% polypropylene reduces the modulus by about half in sample 391. This 
reduction may also imply that there is a preferential migration of the 
polypropylene volume elements toward the surface of the plaque during mold- 
ing. The results also show the importance of locating the polypropylene com- 
ponent, which is a significant part of carpet waste, in the core of the product. 
Increasing the volume fraction of the high-modulus components in all the 
samples increases the bending modulus even in the presence of polypropy- 
lene. 

The results for type “A” laminates are shown in Table 3. There is some 
anomaly between the new 40 02. carpet, samples 241 and 408, and the post- 
consumer carpets, samples 245,246, and 250. Because the results are reason- 
ably reproducible, we believe that the surface finish on this particular 40-02. 
carpet made the adhesion of the phenolic resin to the nylon poor. With another 
new carpet sample from a different carpet company, samples 409, 41 1, and 
412 give very high apparent modulus values. Increasing the wood content so 
that the outer layer contains 50-wt.% wood fiber gives a product equivalent to 
plywood in the apparent modulus. These plaques do not show the low values 
found for plywood when plywood is tested parallel to the fiber direction. In 
our moldings, the fibrous waste is randomly oriented at least in the length and 
width directions. The apparent moduli of all samples show an increase as the 
amount of high-modulus fiber in the outer layers is increased. It is important 
to note that without the anchoring protrusions, the adhesion between the core 
would fail and the slippage would limit the contribution of the third term (the 
largest) of Eq. (4). It should also be pointed out that when the high-modulus 
fibers are added to type “A” laminate, they are always in the outer layer. This 
is not necessarily the case in type “B,” where the core and the outer layers are 
shredded and the outer layer contained a mixture of fibers. Although this is not 
the best arrangement, it reduced the number of parameters to be studied in this 
initial work. 

The results for type “B” laminates are tabulated in Table 4. With this com- 
posite configuration, we have the freedom to select and place the fibrous com- 
ponents in the core and outer layers. In particular, we can place the fibrous 
components that contain polypropylene in the core where it has the least effect 
on the apparent modulus and strength. When shredded cotton, fabrics con- 
taining 60% cotton, and fibrous blends having 40% wood are placed in the 
outer layers, samples 297, 298, 299, 331,435, and 458, we get high bending 
moduli and good strength. These constructions can be optimized to achieve 1 
million psi (6.9 GPa) apparent bending moduli and 10,000 psi (69 MPa) 
strength. The effect of having either too large or too small a spacer selection 
is shown by comparison of samples 297 and 370, samples 277 and 407, and 
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TABLE 3 
Table of Selected Type "A" Laminates 

523 

Composition 

Apparent 
flexural Flexural Flexural 
modulus strength strain at 

(GPa) (MPa) break(%) 

241: New 40-oz. nylon carpet; back to back, holes on f-in. 
grid; phenolic," 20 wt.% with respect to face yarn 

408: New 40-oz. nylon carpet; back to back, holes on 5- 
in. grid; phenolic: 20 wt.% with respect to face yarn 

245: Nylon carpet blue, 28-02. postconsumer; back to 
back, holes on f-in. grid; phenolic," 20 wt.% with 
respect to face yarn 

246: Nylon carpet orange, 28-OZ. postconsumer; back to 
back, holes on f-in. grid; phenolic," 20 wt.% with 
respect to face yarn 

250: Nylon carpet orange, 28-OZ. postconsumer; back to 
back, holes on f-in. grid; phenolic," 20 wt.% with 
respect to face yarn 

267: Nylon carpet blue, 28-oz. postconsumer; back to 
back, holes on $-in. grid; equal weight of face yarn as 
60/40 cotton-PET shred fabric; phenolic: 20 wt.% with 
respect to face yarn and shred fabric 

275: Nylon carpet blue, 28-02. postconsumer; back to 
back, holes on f-in. grid; equal weight face yarn as 
waste cotton; phenolic: 20 wt.% with respect to face 
yarn and cotton 

281: Nylon carpet blue, 28-oz. postconsumer; back to 
back-holes on +-in. grid equal weight of face yarn as 
60/40 cotton-PET fabric bits; phenolic: 20 wt.% with 
respect to face yarn and fabric bits 

409: New 40-oz. nylon carpet; back to back, holes on +-in. 
grid; equal weight of face yarn as 60/40 cotton-PET 
shred fabric; phenolic: 20 wt.% with respect to face 
yarn and shred fabric 

41 1: New 40-oz. nylon carpet; back to back, holes on 5-in. 
grid; equal weight of face yarn as wood phenolic: 20 
wt.% with respect to face yarn and wood (pine) 

412: New 40-oz. nylon carpet; back to back, holes on f-in. 
grid; 2 times weight of face yarn as wood; phenolic,b 20 
wt.% with respect to face yarn and wood (pine) 

1.4 

1.4 

1.7 

2.2 

2.4 

6.2 

5.4 

5.0 

3.2 

4.9 

6.7 

31 

10 

30 

36 

25 

77 

66 

54 

23 

27 

60 

0.42 

1.1 

0.42 

0.42 

1.6 

2.0 

1.6 

1.9 

1.8 

1.4 

1.3 

a Georgia Pacific 
OxyChem. 



TABLE 4 
Table of Selected Type "B" Laminates 

Composition 

Apparent 
flexural Flexural Flexura 
modulus strength strain ai 

(GPa) (MPa) break(% 

297: Core shred selvage, 50 wt.%, and shred cotton, 50 
wt.%; each outer layer of fabric bits (60/40 
cotton-PET) contains $ of total core weight of shred 
cotton; phenolic," 20 wt.% of total weight; 4-$-+ 
construction 

298: Core shred selvage, 33 wt.% of total; each outer 
layer of fabric bits, 67 wt.%; phenolic," 20 wt.% of 
total weight; $-$--$construction 

299: Core shred selvage, 50 wt.%, and shred cotton, 50 
wt.%; each outer layer of fabric bits contains $ of total 
core weight of shred cotton; phenolic," 20 wt.% of total 
weight; $-$-$construction 

331: Core polypropylene, 50 wt.%, and shred cotton 50 
wt.%; each outer layer contains of total core weight of 
shred cotton; phenolic," 80 wt.% of the outer layers 
and 20 wt.% for the core; $--a construction 

370: Repeat of 297. Spacers too large 
406: Core polypropylene, 50 wt.%, and shred cotton, 50 

wt.%; each outer layer contains a of total core weight of 
shred cotton; phenolic," 80 wt.% of the outer layers and 
20 wt.% for the core; 4 4 4  construction 

418: Core selvage, 50 wt.%; outer layers shred PET 
carpet, 50 wt.%, each outer layer contains $ of total 
core weight; phenolic," 20 wt.% of total weight 4-f-f 
construction 

435: Core shred selvage, 50 wt.%, and shred cotton, 50 
wt.%; each outer layer contains $ of total core weight 
of shred cotton; phenolic," 20 wt.% of total weight; 
+-+-+construction 

277: Core shred selvage, 42 wt.%; shred cotton outer 
layers, 58 wt.%; each outer layer contains a of total 
core weight; phenolic," 20 wt.% of total weight; +-&4 
construction; spacer dif. 0.041 

407: Same as 277; spacer dif. -0.016 
428: Same as 277; spacer dif. 0.007 
420: Core shred selvage and shred PET carpet, each 50 

wt.%; each outer layer contains f of total core weight; 
phenolic," 20 wt.% of total weight; $-$-a construction 

421: Same as 420 with outer layers having 50 wt.% of the 
PET shred carpet replace with wood; 4-$-+ construction 

6.7 

6.4 

4.7 

5.9 

4.2 
5.1 

1.6 

6.9 

5.7 

1.9 
4.5 
1.6 

2.0 

76 

62 

46 

49 

21 
58 

31 

75 

61 

21 
61 
31 

31 

1.7 

1.8 

1.3 

1.3 

1.3 
2.0 

3.6 

1.4 

1.5 

2.7 
1.6 
3.6 

3.0 
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TABLE 4 
Continued 

Composition 

Apparent 
flexural Flexural Flexural 
modulus strength strain at 

(GPa) (MPa) break(%) 

445: Core shred selvage, 50 wt.% and shred cotton, 50 
wt.%; outer layers nylon fluff, phenolic resin Ga.Pa 
442D35, 50 wt.%; 20 wt.% of total weight; &$-+ 
construction 

446: Core shred selvage, 50 wt.%, and shred cotton, 50 
wt.%; outer layers nylon fluff, phenolic resin Ga.Pa 
5236, 50 wt.%; 20 wt.% of total weight; $-$-a 
construction 

447: Core shred selvage, 50 wt.%, and shred cotton, 50 
wt.%; outer layers nylon fluff, phenolic resin Ga.Pa 
582D58, 50 wt.%; 20 wt.% of total weight; $-$--a 
construction 

448: Core shred selvage, 50 wt.%, and shred cotton, 50 
wt.%; outer layers nylon fluff, phenolic resin 
OxyChem 29353, 50 wt.%; 20 wt.% of total weight; 
+--f3 construction 

450: Core shred selvage, 50 wt.%, and shred cotton, 50 
wt.%; outer layers nylon fluff, 20% replaced by wood; 
phenolic resin,a 20 wt.% of total weight a-t-t 
construction 

466: Core shred selvage, 50 wt.%, and shred cotton, 50 
wt.%; outer layers nylon fluff, 40% replaced by wood; 
phenolic resin: 20 wt.% of total weight; +-$-; 
construction 

457: Core shred selvage; outer layers, PET fluff; phenolic 
resin: 20 wt.% of total weight; $-$--$ construction 

458: Core shred selvage; outer layers, PET fluff with 
40% of PET replaced by wood; phenolic resin: 20 
wt.% of total weight; +-$-$ construction 

460: Core shred selvage; outer layers, PET fluff with 
20% of PET replaced by wood; phenolic resin: 20 
wt.% of total weight; a-$-$ construction 

495: Core shred selvage and cotton, 50/50; outer layers 
shred fabric 60/40 cotton-PET; phenolic resin: 20 
wt.% of total weight; a-$-$ construction 

496: Same as 495 except phenolic resin is 15 wt.% 
496: Same as 495 except phenolic resin is 10 wt.% 

1.8 

1.8 

2.0 

1.9 

2.1 

2.9 

3.2 

5.6 

4.4 

5.7 

4.4 
2.4 

28 

25 

30 

28 

22 

34 

22 

37 

34 

69 

52 
33 

3.8 

3.7 

3.4 

3.4 

2.3 

2.1 

1.3 

1.2 

1.1 

2.1 

1.9 
3.0 

a OxyChem 29353. 
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samples 277 and 428. When the spacer thickness is too large, too early a trans- 
fer of the pressure from the molding to the spacers occurs. A too small a set 
of spacers does not transfer the platen pressure from the molding and allow 
for the release of steam pressure. When the outer layers are nylon fluff (sam- 
ples 445-448), we get apparent bending moduli of about 250,000-280,000 
psi (1.7-1.9 GPa). This range of flexural modulus encompasses about seven 
different phenolic resins from Georgia Pacific and OxyChem, indicating 
that the properties are not sensitive to the particular resole resin used. Using 
Eq. (1), we would expect about 200,000-240,000 psi (1.4-1.6 GPa) contribu- 
tion from the phenolic resin and about 350,000 psi (2.4 GPa) for oriented 
nylon. Unoriented nylon would contribute about 160,000 psi (1.1 GPa). 
These results suggest that we do not retain most of the modulus due to the 
orientation of the nylon fibers. Sample 418 shows the results of shredded 
waste PET carpet in the outer layer. The presence of polypropylene 
again shows a diluent effect. When PET face yarn is in the outer layer, 
sample 457, a higher apparent flexural modulus of 466,000 psi (3.2 GPa) is 
obtained, suggesting that more of the fiber orientation is retained with 
polyester during the molding. When wood fibers are added to the waste fibers 
in the outer layers, the apparent flexural moduli show significant increases, 
samples 450,458,460, and 466. Comparison of samples 421 and 458, where 
the outer layers in sample 421 contain some polypropylene, shows very large 
differences in the apparent bending modulus, again emphasizing the deleteri- 
ous effects of polypropylene in the outer layers of laminates. Comparing the 
values listed for samples 495,496, and 497, we can see the effect of phenolic 
resin content on the apparent flexural properties. Increasing the resin level 
from 10% to 15% to 20% results in an increase in the modulus from 349,000 
to 640,000 to 809,000 psi (2.4 to 4.4 to 5.6 GPa). From Eq. (1), this increase 
primarily reflects the larger value of the phenolic resin compared to the PET 
content of the shredded fabric. A more complete coating of the fibers is also 
involved and this factor is better reflected in the increase in the flexural 
strength. 

The effects of a 24-h soak in water on properties are listed for representa- 
tive samples in Table 5 and 6. There is generally a small decrease in flexural 
properties on soaking and this decrease can be correlated with the increase in 
the sample thickness. Because both the initial and water-treated samples were 
selected from the same plaques, the small increases are all in one direction and 
appear to be real. The amount of water taken up ranges from 8% to 33%, 
which is smaller than the 60% found with plywood. We believe most of the 
water taken up is due to porosity rather than due to the swelling of the coated 
fibers. The CaC03 filler present in the adhesive of the waste carpet and in the 
samples no doubt plays a part in the water uptake. Typical densities for these 
material are also listed and range from about 1 to 1.2, depending on the com- 
ponents present. Higher amounts of cotton, nylon, and PET fibers as well as 
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TABLE 5 
Effect of a 24-h Soak at Room Temperature on the Flexural Properties; Samples 

Redried and Conditioned 

Apparent 
flexural Flexural Flexural % Water 
modulus strength strain at uptake 

Composition (GPa) ( m a )  break(%) 24-hSoak 

450: Core shred selvage, 50 wt.%, and 
shred cotton, 50 wt.%; outer layers nylon 
fluff, 20% replaced by wood; phenolic 
resin: 20 wt.% of total weight $-$-+ 
construction 

450: 24-h SO& 

457: Core shred selvage; outer layers, PET 
fluff; phenolic resin: 20 wt.% of total 
weight; %--$ construction 

457: 24-h SO& 

458: Core shred selvage; outer layers, PET 
fluff with 40% of PET replaced by wood; 
phenolic resin: 20 wt.% of total weight 
$-&+ construction 

458: 24-h SO& 

467: Core shred nylon carpet; outer layers 
shred cotton weight equal to core; 
phenolics resin: 20 wt.% of total weight; 
4-z-+ construction 1 1  

467: 24-h SO& 

472: Core shred PET carpet; equal weight 
shred nylon carpet in outer layers; 
phenolic resin," 20 wt.% of total weight; 
$4-$ construction 

472: 24-h SO& 

474: Core shred selvage; outer layers, 60 
wt.% PET fluff, 40% wood fibers; 
phenolic resin: 20 wt.% of total weight; 
&+-+ construction 

474: 24-h soak 
479: Core shred selvage; outer layers, shred 

fabric, 60/40 cotton-PET; phenolic 
resin: 20 wt.% of total weight; &+-$ 
construction 

479: 24-h SO& 

1.9 21 2.3 

1.7 23 2.7 
3.6 30 1.3 

3 .O 32 1.6 
5.6 37 1 .o 

3.6 25 0.8 
2.2 15 1.4 

1.4 14 2.5 
1.1 36 3.0 

1.1 12 4.0 
5.0 45 1.2 

4.2 40 1.2 
4.1 38 1.9 

21 

19 

14 

33 

8 

7 

3.8 34 1.8 28 

a OxyChem 29353. 
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TABLE 6 
Density and Dimensional Changes for Samples in Table 4 after 24-h Soak at Room 

Temperature 

Sample No. 
Density 24-h % Thickness 
(g/cm3) % Water uptake increase 

450: Core shred selvage, 50 wt.%, and 
shred cotton, 50 wt.%; outer layers 
nylon fluff, 20% replaced by wood; 
phenolic resin: 20 wt.% of total weight 
+-f-$ construction 

457: Core shred selvage; outer layers, 
PET fluff; phenolic resin? 20 wt.% of 
total weight; +-$-$ construction 

458: Core shred selvage; outer layers, 
PET fluff with 40% of PET replaced by 
wood; phenolic resin," 20 wt.% of total 
weight; +-$--f construction 

layers shred cotton weight equal to core; 
phenolic resin: 20 wt.% of total weight; 
+-f-$ construction. 

472: Core shred PET carpet; equal weight; 
shred nylon carpet in outer layers; 
phenolic resin," 20 wt.% of total weight; 
$-f-+ construction 

60 wt.% PET fluff, 40% wood fibers; 
phenolic resin: 20 wt.% of total weight; 
$-f-+ construction 

479: Core shred selvage; outer layers, 
shred fabric, 60140 cotton-PET; 
phenolic resin," 20 wt.% of total weight; 
f-f-$ construction. 

467: Core shred nylon carpet, outer 

474: Core shred selvage; outer layers, 

1.09 21 12 

19 

13 

33 

8 

12 

0.99 5 

1.01 4 

1.06 12 

1.13 1 

1.04 4 

0.96 25 10 

a OxyChem 29353. 

CaC03 increase the composite's density above 1, whereas wood and 
polypropylene will decrease its density. 

The typical apparent flexural properties of the honeycomb sandwich con- 
struction are listed in Table 7. As pointed out earlier, the shear displacement 
in samples' short lengths will be considerable and will be much less than the 
modulus of the outer layers. As the length between supports is increased to 
about 20 in., as found in typical wood pallets, the effect of the shear displace- 



TABLE 7 
Flexural Properties of Sandwich Honeycombs 

z 
Breaking 0 

0 

Modulus modulus of sandwich sandwich E x Depth Length of faces honeycomb honeycomb m 
Composition (cm> (cm) ( G W  ( G W  (MPa) -0 

0 
-0 
m honeycomb; outer layers shred 60140 II 
m 

phenolic resin v) 
-n n 

honeycomb; outer layers shred 60140 0 
waste fabric; coated with 25 wt.% phenolic c 

P 
m 

377: Core 2.5-cm phenolic-coated paper 3.1 10 5.9 0.15 1.8 n 
0 

honeycomb; fabric; outer layers shred (Nominal) C 
60140 waste coated with 25 wt.% phenolic v) 

resin z 
honeycomb; outer layers composite 40% (Nominal) m 
wood, 30% waste carpet, 30% cotton; 
coated with 2 wt.% phenolic resin 

coated by hand; outer layers shred 60140 
waste fabric; coated with 25 wt.% 
phenolic resin 

Apparent stress of 

377: Core 1.3-cm phenolic-coated paper 1.6 10 5.9 0.83 10 

waste fabric; coated with 25 wt.% 

377: Core 1.3-cm phenolic-coated paper 1.6 12.5 5.9 0.98 5.0 

resin 

442: Core 2.5-cm phenolic-coated paper 3.0 10 5.9 0.38 7.6 R 
-I 

382: Core 1.3-cm paper honeycomb 1.9 10 5.9 1 .oo 5.7 
(Nominal) 

438: Core 1.3-cm coated paper 1.6 10 5.9 1.01 7.6 
honeycomb; outer layers shred fabric (Nominal) Ul 

40% replaced by wood; coated with tu 
(I) 

20 wt.% phenolic resin 
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TABLE 8 
Typical Impact Properties 

Sample thickness Failure drop 
Sample type (cm) height (cm) 

Plywood 
Composite 
Laminate (F-B-B-F) “A” 
Laminate “B” 
Honeycomb 

0.67 
0.68 
0.67 
0.59 
1.59 

91 
61 
61 
61 
46 

ment is greatly reduced and the rigidity of the honeycomb will reflect the mod- 
ulus of the outer layers. This is indicated with sample 377, which was tested 
with 4- and 5-in. lengths. Increasing the thickness of the core to 1 in. increases 
the shear displacement with short-length samples and masks the effect of the 
increase in the rigidity with a larger separation of the outer layers (i.e., a 1-in. 
honeycomb should be four times more rigid than a 1/2-in. honeycomb. How- 
ever, one must be aware that the compressive strength of the l-in. honeycomb 
is likely to be smaller than the 1/2-in. material. 

The drop impact properties of some of the composite materials is shown in 
Table 8. The fibrous waste materials in a phenolic binder are somewhat less 
than three-layer plywood. 

CONCLUSIONS 

Woodlike properties can be achieved using all of the components of textile 
and carpet fibrous waste in a high-modulus matrix by judicious placement of 
the fibers in composites. Flexural moduli as high as 1,0oO,OOO psi (6.9 GPa) 
and strength as high as 10,000 psi (6.9 MPa) were achieved with well-de- 
signed laminates. The density of the waste fibers and the amount of matrix 
resin required are negatives when compared with plywood. The use of these 
materials in outdoor applications or as outer layers in honeycomb structures is 
suggested. 
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UTILIZATION OF RECYCLED CARPET WASTE FIBERS 
FOR REINFORCEMENT OF CONCRETE AND SOIL 

YOUJIANG WANG 
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Abstract 

The use of recycled fibers from textile waste for concrete and soil rein- 
forcement is a very attractive approach, with such benefits as perfor- 
mance enhancement, low-cost raw materials, and reduced needs for 
landfilling. This article discusses the general advantages of fiber rein- 
forcement and reviews some studies on the use of carpet waste fibers for 
concrete and soil reinforcement. A study on recycled carpet waste fibers 
for fiber-reinforced concrete (FRC) showed a significant toughness in- 
crease and reduced shrinkage. It included two concrete mix designs and 
a wide range of fiber dosage rates, from 0.07 to 2.0 vol.%. A research 
program on fiber-reinforced soil is underway for fiber characterization, 
analysis of the engineering properties of the fiber-soil systems, and field 
trials. A significant improvement in soil behavior under the triaxial load- 
ing condition was observed. 

Key Words: Concrete; Fiber-reinforced soil; Textile waste; Recycling. 

INTRODUCTION 

The carpet waste generated each year and accumulated in landfills represents 
an abundance of useful resources, as it may be converted into various useful 
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products (1,2). The amount of carpet waste, including production waste and 
postconsumer carpet, is estimated at over 2 million tons per year. Because of 
the high cost of developing and managing landfills, waste disposal in landfills 
has become increasingly difficult. 

A carpet typically consists of two layers of backing (usually fabrics from 
polypropylene tape yarns), joined by CaC03-filled styrene-butadiene latex 
rubber (SBR), and face fibers (majority being nylon 6 and nylon 66 textured 
yarns) tufted into the primary backing. The SBR adhesive is a thermoset ma- 
terial, which cannot be remelted or reshaped. Some waste is generated before 
the application of SBR. Such waste is termed soft waste, and most of it is 
reused as a filling material or as nonwoven mats. The waste containing the 
SBR (termed hard waste) has not found significant uses and it forms the ma- 
jor part of the waste going into the landfills. 

Concrete and soil are used in great quantities in construction. Studies have 
shown that the properties of these materials can be enhanced by fiber rein- 
forcement. In this article, a literature review is provided on the advantages of 
fiber reinforcement of concrete and soil. The article also reviews the results of 
laboratory and field studies using carpet waste fibers for concrete and soil re- 
inforcement. 

FIBER-REINFORCED CONCRETE 

Background 

Concrete is the most heavily used construction material in the world. How- 
ever, it has low tensile strength, low ductility, and low energy absorption. An 
intrinsic cause of the poor tensile behavior of concrete is its low toughness and 
the presence of defects. Therefore, improving concrete toughness and reduc- 
ing the size and amount of defects in concrete would lead to better concrete 
performance. An effective way of improving the toughness of concrete is by 
adding a small fraction (usually 0.5-2% by volume) of short fibers to the con- 
crete mix during mixing. In the fracture process of fiber-reinforced concrete 
(FRC), fibers bridging the cracks in the matrix can provide resistance to crack 
propagation and crack opening before being pulled out or stressed to rupture. 
After extensive studies, it is widely accepted that such fiber reinforcement can 
significantly improve the tensile properties of concrete. Orders-of-magnitude 
increases in toughness (energy absorption) over plain concrete is commonly 
observed (3-6). Another advantage of fiber reinforcement is the reduction of 
the shrinkage and shrinkage cracking of concrete associated with hardening 
and curing. Reduced shrinkage cracking has been observed even with fiber 
volume fractions as low as 0.1 % of polypropylene fibers (7). 

Other benefits of fiber-reinforced concrete include improved fatigue 
strength, wear resistance, and durability (3). By using FRC instead of con- 

I 
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ventional concrete, section thickness can be reduced and cracking can be ef- 
fectively controlled, resulting in a lighter structure with a longer expected life 
(4). Fiber-reinforced concrete is currently being used in many applications, in- 
cluding buildings, highway overlays, bridges, and airport runways (3-5). In 
load-bearing applications, it is generally used along with traditional steel re- 
inforcement (8). In building constructions, it has become a more common 
practice to use low-dosage synthetic fiber reinforcement for floor slabs. 

One type of waste material suitable for concrete reinforcement is carpet 
production trims and postconsumer waste. They consist of mainly crimped ny- 
lon face fibers and polypropylene tape yarns, both proven durable and effec- 
tive in FRC. Studies on recycled carpet waste fibers for FRC showed a signif- 
icant toughness increase and reduced shrinkage, and a full-scale construction 
project using carpet waste FRC has demonstrated the feasibility of using such 
a material in construction (9-1 1). 

Laboratory Studies 

Two laboratory studies on concrete reinforcement with carpet waste fibers 
were carried out at the Georgia Institute of Technology (9,ll). The carpet 
waste fibers used were shredded from carpet trims, a waste generated in car- 
pet manufacturing. The fiber length was not uniform and typically ranged 
from 12 to 25 mm. A quantitative analysis of the shredded edge trim was con- 
ducted, and the relative amounts of the primary components were as follows: 
polypropylene (36%), nylon (18%), and SBR+CaC03 (46%). 

In the first study (9), the following concrete mix weight ratios were used: Type 
I Portland cement (l.O), river sand (0.85), crushed granite (0.61), water (0.35), 
and a small amount of superplasticizer (a water-reducing agent). Fiber volume 
fractions for the waste fibers were 1% and 2%. Only the actual fiber portion (ex- 
cluding SBR+CaC03) was included for calculating the fiber volume fraction for 
the waste fiber-reinforced concrete. FiberMesh@ (Fibermesh Company, Chat- 
tanooga, TN, U.S.A.), a virgin polypropylene fiber (19 mm long), at 0.5% and 
1 % volume fractions was also included in this study for comparison purposes. 

A four-point flexural test and a cylinder compressive test were conducted 
on a hydraulic testing machine. In the compressive test, the plain concrete 
specimens failed in a brittle manner and shattered into pieces. In contrast, all 
the FRC samples could still remain as an integral piece after reaching the peak 
load, with fibers holding the concrete matrices tightly together. In the flexural 
test, it was observed that the plain concrete samples broke into two pieces once 
the peak load was reached, with very little energy absorption. The FRC spec- 
imens, on the other hand, exhibited a pseudoductile behavior and fibers bridg- 
ing the beam crack can be seen. Because of the fiber bridging mechanism, the 
energy absorption during flexural failure was found to be much higher than 
that for plain concrete. 
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In commercial applications, low-dosage reinforcement with synthetic 
fibers, mostly polypropylene at about 0.1 vol.%, is widely used for controlling 
shrinkage cracking. For structural applications, however, a higher dosage (1-2 
vol.%) may be desirable. To evaluate the effect of fiber dosage rate on FRC 
properties, a second test program was carried out on the flexural and com- 
pressive properties of concrete containing various dosages of fibers (1 1). The 
dosage ranged from 0.89 to 17.85 kg/m3 for the recycled carpet material 
(Mixes 2-8 in Table l), based on the total weight of the shredded material in- 
cluding SBR and CaC03. Specimens with FiberMesh virgin polypropylene at 
0.89 kg/m3 were also tested (Mix 1). Because the carpet waste contains com- 
ponents in addition to fibers and because nylon has a higher density than 
polypropylene, the estimated fiber volume fraction in Table 1 for the recycled 
fiber is lower than that with virgin polypropylene, even at the same dosage rate 
based on fiber mass. The concrete mix used was in the following proportions: 
cement (1.00), water (0.44), sand (1.71), crushed rock (2.63), and an appro- 
priate amount of fiber. No chemical admixtures were added. 

Table 1 summarizes the test results of the second laboratory study (1 l), in 
which each data point represents the average from about 10 specimens. The 
workability of the fresh concrete was measured by a slump test in accordance 
with ASTM C 143-90a. Good workability (1 80-230 mm slump) was observed 
for mixes with up to 1.8 kg/m3 of waste fibers. The slump decreases to 70 mm 
for 5.95 kg/m3, 51 mm for 8.93 kg/m3, 48 mm for 11.9 kg/m3, and to near zero 
for 17.85 kg/m3. Thus, the workability for dosages from 5.95 to 11.9 kg/m3 is 
low but manageable. In actual construction, a small amount of superplasticizer 
can be added to increase the workability to an acceptable level. 

The compressive test was conducted on 76" (diameter) X 152-mm 
(height) cylinders according to ASTM C39-86 at an age of 28 days. As seen 
from Table 1, the compressive strengths varied from mix to mix, most likely 
due to normal variation. However, it appears that the compressive strength for 
Mix 8 with 1.4 vol.% waste fibers was lower due to the fiber addition. In all 
the tests, good shatter resistance was observed because of the fiber reinforce- 
ment, especially in those with relatively high fiber dosage rates (Mixes 5-8). 

The flexural test was performed on 102X 102x356-mm beams in adher- 
ence to ASTM ClOlO at a span length of 305 mm. Typical flexural test curves 
for selected mixes are shown in Fig. 1. From Table 1, it is seen that the flexu- 
ral strength, corresponding to the maximum flexural load in the test, was sim- 
ilar for all the mixes, suggesting that the addition of fibers to concrete had lit- 
tle effect on the flexural strength of the concrete beams. The variability, as 
represented by the coefficient of variation, was generally low. 

Fiber reinforcement provides significant improvement of concrete tough- 
ness. ASTM ClOlO is a standard test method to characterize the toughness of 
fiber-reinforced concrete. Toughness indices indicate the energy absorption 



... 
TABLE 1 7 

Test Results for Concrete Reinforced with Carpet Waste Fiber n 
z 
B 

Dosage Approx. V, Slump n 
Mix (kg/m3) (%I ("1 MPa CV" MPa cv I5 I10 L O  2 

Comp. strength Flex. strength Toughness 

0 
lb 0.89b 0.15 178 22.8 0.11 3.74 0.09 3.22 4.69 6.33 0 
2 0.89 0.07 229 20.0 0.12 3.64 0.07 3.64 3.07 4.21 4 
3 1.34 0.11 184 24.3 0.13 4.20 0.07 4.20 2.98 4.01 0 
4 1.79 0.14 191 25.6 0.08 4.06 0.08 2.96 4.06 5.03 
5 5.95 0.47 70 27.6 0.07 3.79 0.07 2.7 1 3.64 4.76 ;;1 

7 11.90 0.93 48 23.1 0.14 3.77 0.07 3.06 4.41 6.41 6 
8 17.85 1.40 0 17.4 0.20 3.73 0.10 3.29 5.17 7.91 v) 

6 8.93 0.70 51 23.7 0.02 4.11 0.08 2.95 4.17 5.77 > 

0 
a CV = coefficient of variation. 
' With FiberMesh polypropylene fibers. 
Source: Ref. 11. 

r 



538 WANG 

4 

i ? i 3  
Q 

$ *  u) 

E 
6 5 1  

0 

0 0.2 0.4 0.6 0.8 1 

Displacement (mm) 

FIG. 1. Typical flexural test curves of fiber-reinforced concrete. (From Ref. 1 1 .) 

ratio compared with a perfectly brittle material. 15, Ilo, and 120 are the three in- 
dices calculated from the flexural load-deflection curve for three different de- 
flection ranges. These quantities are explained and discussed in ASTM C1018 
and C1116. 

It can be observed from the data in Table 1 that the I5 index was insensitive 
to the fiber dosage rate. Ilo and 120, corresponding to larger deflection ranges, 
showed an increase with the dosage rate. The mixes with high fiber content 
exhibited very good toughness properties. These mixes could be used for 
structural applications and highway pavements. After the peak load corre- 
sponding to matrix cracking, fiber-reinforced concrete can still carry a signif- 
icant level of load over a wide range of continued deflection. Thus, the fibers 
are very effective in keeping the cracked concrete pieces together and pre- 
venting spalling and pothole formation. For applications where the goal of re- 
inforcement is to provide integrity to concrete rather than to carry tensile load, 
discontinuous fibers may be used to replace steel rebars. One such example 
might be a pavement on a relatively stiff foundation. 

Field Study 

The laboratory study has indicated that the carpet waste fiber was very 
effective in improving the toughness and shrinkage properties of concrete. 
In 1994, Shaw Industries, Inc. completed a 1 1,000-m2 R&D Center in Dalton, 
Georgia that used concrete reinforced with carpet waste fibers in the 
construction project. About 20 tons of carpet production waste was consumed 
in the project, which would otherwise have been sent to a landfill. The con- 
crete mix followed a typical design for concrete with a 28-MPa (4000-psi) 
compressive strength, consisting of cement, sand, and rock. The water-to-ce- 
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ment ratio was 0.5 and the cement content was about 260 kg/m3. Superplasti- 
cizer was added to maintain the desired workability. The amount of waste 
fiber included was 5.95 kg/m3. Mixing was done by adding fibers to the 
mixing truck directly, after which the fibers were found to be uniformly 
dispersed in the concrete without balling or clumping. Mixing, pouring, and 
finishing followed standard procedures, used conventional equipment, and 
went smoothly. The compressive and flexural strengths met specifications, 
and reduced shrinkage cracking was observed. Such concrete containing 
waste fibers was used for floor slabs, driveways, and walls of the building. 
The project demonstrated the feasibility of using a large amount of carpet 
waste for concrete reinforcement in a full-scale construction project. Besides 
reducing the need for landfilling, the use of low-cost waste fiber for concrete 
reinforcement could lead to improved infrastructure with better durability and 
reliability. 

FIBER-REINFORCED SOIL 

Background 

A soil can often be regarded as a combination of four basic types: gravel, sand, 
clay, and silt. They generally have low tensile and shear strength and their 
characteristics may depend strongly on the environmental conditions (e.g., dry 
versus wet). Soil reinforcement with geotextile fabrics is a well-established 
technology and is widely used in road construction for soil reinforcement, sta- 
bilization, drainage, and separation (1 2). Soil reinforcement with randomly 
distributed fibers is another approach that may increase the internal cohesion 
of soil. In a simple process, fibers, typically at a dosage rate of 0.2-2% by 
weight, are added and mixed into silt, clay, sand, or lime and cement-stabi- 
lized soil. Studied have shown that such fiber reinforcement can improve the 
properties of soil, including the shear strength, compressive strength, bearing 
capacity, postpeak-load strength retention, and the elastic modulus (13-18). 

Fibers in the soil generally act as tensile reinforcing members. Even when 
the soil deforms in shear or compression, the normal strains in certain other di- 
rections may be a tensile extension. Because the fibers are generally stronger 
and stiffer than the soil, the deformation is resisted by fibers in the direction 
of the tensile strains through fiber-soil frictional interactions. The overall fail- 
ure surface is larger and nonplanar due to the presence of fibers, and the fail- 
ure load and energy are increased. Fibers being stretched still provide resis- 
tance; thus, the postpeak strength retention is also increased, making the soil 
more ductile or tougher. 

The increase of the load-carrying capability of soil due to fiber reinforce- 
ment could result in significant savings in construction cost and time. An in- 
crease in allowable slope angle would reduce the space and the amount of soil 
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FIG. 2. Illustration of the cross section of a slope versus the slope angle. 

needed for a slope. As illustrated in Fig. 2, the reduction of soil volume (V) 
can be calculated from 

1 1 1 
v =  2 (G - G) 

where L is the length, H is the height, and a1 and 1x2 are the allowable slope 
angles for the unreinforced and reinforced soil, respectively. For example, for 
a l-km-long, 10-m-high slope, the increase of the slope angle from 20" to 30" 
would save over 50,000 m3 of soil and reduce the width of the slope by 10 m. 
This could directly translate into cost and time savings and reduced environ- 
mental impact. 

One distinguishing feature of fiber reinforcement in comparison with geo- 
textile fabric reinforcement is its maintenance of property isotropy and the ab- 
sence of weak planes parallel to oriented reinforcement (19). Successful uses 
of various fibers, including virgin polypropylene and glass, to reinforce soil 
and sand in field studies have been reported (20-22). Up to a 95% increase in 
pavement durability has been observed due to soil reinforcement with 
polypropylene fibers (1 8). Additional property enhancement may be achieved 
by using fiber-reinforced soil along with geotextile fabrics. 

Chemicals are also used to stabilize soil for certain applications. Lime-sta- 
bilized clay and Portland-cement-stabilized sand are two of the examples. The 
chemical stabilizers, normally added at a 2-10% rate, increase soil internal co- 
hesion via chemical bonding. Chemically stabilized soils, which are stiffer 
and stronger than the unreinforced soils, also exhibit tensile cracking as a ma- 
jor mode of failure. The addition of fibers in such instances can effectively 
control the opening and propagation of cracks through the bridging actions of 
the fibers. Enhanced performance of chemically stabilized materials due to 
fiber reinforcement has been reported (22), and the use of fibers may allow for 
a reduction in chemical stabilizer content. Alternatively, the use of fibers may 
allow reduction in the thickness of the layer in which they are used. Sangineni 
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(23) computed thickness reductions on the order of 5-16% using data for 
chemically stabilized materials incorporating fibers. 

Laboratory Studies 

A laboratory test program was carried out to evaluate the properties of carpet 
waste fiber-reinforced soil (24). The soil used in the laboratory studies was ob- 
tained from Wilkes County, Georgia. It is a silty clayey sand with a maximum 
dry density of 1724 kg/m3 at an optimum moisture content of 16.5%. 

Tests have been conducted on soil specimens reinforced with the same car- 
pet waste fibers as that used in the concrete studies (about 19 mm long). The 
California Bearing Ratio (CBR) test (ASTM D1883-92) was performed; it 
measures the compressive stress for given soil deformation resulting from the 
penetration of the loading rod into the cylindrical soil specimen in a metal 
mold. The specimens were prepared with the same moisture content (16.5%) 
and compacted with standard effort as described in test method ASTM D698. 
The strength of unsoaked specimens decreased slightly (1 % and 8%, respec- 
tively) with the inclusion of 1 % and 2% by weight of fibers at 2.54 mm (0.1 
in.) penetration, and the strength increased slightly (6% and 5%, respectively) 
with 1% and 2% fibers at 5.08 mm (0.2 in.) penetration. A similar trend was 
also observed in the test of soaked specimens. Examination of the test curves 
suggested that the initial slope of the loaddisplacement curve is lowered with 
fiber inclusion, possibly due to the interference with soil compaction by the 
fibers. It appears that at low deformation levels, the fibers have not been 
stressed high enough to show their reinforcement effect. The finding is simi- 
lar to that reported by Hoare (25),  who studied fiber reinforcement of sandy 
gravel. Others, on the other hand (e.g., Ref. 16), have observed a significant 
increase in CBR values with fiber reinforcement. 

The same fiber soil systems have also been tested under triaxial compres- 
sion with and without a 34.5-Wa (5-psi) confinement pressure. All samples 
were compacted to the maximum dry density of 1724 kg/m3 at optimum mois- 
ture of 16.5%, and tested in the as-compacted condition. The resistance to de- 
formation is measured by the principal stress difference (i.e., the compressive 
stress minus the confining pressure). The peak stress difference increased for 
all the fiber contents when confinement was changed from 0 to 34.5 Wa. The 
test curves are shown in Fig. 3. The confining pressure provides lateral resis- 
tance on the side of the samples, simulating the in situ lateral earth pressure. 
This resistance results in higher vertical loads and therefore higher stresses 
necessary to fail the sample. 

Several improvements in the stress-strain properties of the soil can be 
seen in the test curves. As the fiber content increases, the peak stress 
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FIG. 3. Test curves for the triaxial compression test: (a) unconfined and (b) with 
a 34.5-Wa confinement pressure. (From Ref. 24.) 
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difference at failure also increases. For unconfined tests, the peak principle 
stress difference increased from 272 to 389 kPa when the fiber content was 
increased from 0.0% to 2.0%, a 43% increase. Similar results were observed 
for the test performed at 34.5 kPa confinement. The increase in stress 
went from 381 kPa for 0.0% fiber up to 512 kPa for 2.0% fiber, a 34% 
increase. 

For both test conditions the samples show signs of strain softening. The 
strength of the samples decreased dramatically after peak stress at failure 
was obtained. However, there is a definite trend indicating less strain soften- 
ing with increased fiber content. In both the confined and unconfined samples, 
the residual strength of the soil is at least 100% higher for the 2% fiber 
samples. When confined, the 2.0% fiber sample showed almost no signs of 
strain softening once a peak stress was obtained, and the failure mode changed 
from shear to bulging (Fig. 4). However, it is noted from the triaxial test that 
the initial stiffness of specimens reinforced with fibers appears to be lower 
than that of the control soil specimens. This may indicate that fiber reinforce- 
ment of soil is especially advantageous for applications where the load-bear- 
ing capability of the soil at large deformation is needed, and that fiber rein- 
forcement may not fully show its benefits if load bearing at small deformation 
is critical. 

Additional laboratory tests are carried out to study the effect of specimen 
moisture content and compaction on the triaxial compressive behavior of the 
fiber-soil system and on the use of other types of carpet and textile waste 
fibers at the Georgia Institute of Technology (26). Studies are also underway 
to conduct specially designed tests to isolate the effect of fiber reinforcement 
from other factors such as specimen compaction. 

FIG. 4. Specimens after the triaxial compression test with a 34.5-Wa confine- 
ment pressure. Fiber content: (a) 0%, (b) 1%, (c) 2%. 
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Field Studies 

In a joint effort involving the carpet and fiber industry, several Georgia coun- 
ties, the Georgia Department of Transportation, and the Georgia Institute of 
Technology, among others, a preliminary field study was carried out to 
demonstrate the feasibility of incorporating carpet waste fibers in road con- 
struction. The field trial sites for unpaved county roads were selected to rep- 
resent typical types of soil found in the state of Georgia. Trial sections with 
carpet waste fibers and virgin fibers were installed in several Georgia counties 
(27,28). The installation involves ripping the soil to a 150-mm depth, spread- 
ing the shredded carpet fibers, blending the fibers into the soil, and smoothing 
and compacting the soil. The fibers used were shredded into a length up to 70 
mm long, and about 0.33% by weight of fibers were added. It was very en- 
couraging to observe that the fibers could be mixed into soil with reasonable 
consistency in the field. Assessment of the unpaved roads by visual inspec- 
tions confirmed that fibers in soil could improve the durability for certain 
types of soil, thus reducing the need for frequent regrading. However, it ap- 
pears that the fibers were less effective for sandy types of soil, as the fibers 
might eventually migrate to the surface of the road. The study also points to 
the need for a more systematic and quantitative assessment of the effective- 
ness of waste fiber for soil stabilization. A better understanding of the funda- 
mental mechanisms is necessary for predicting the performance of the 
fiber-soil system for potential applications based on the fiber and soil charac- 
teristics. 

CONCLUSION 

The carpet waste disposed in landfills each year in the United States amounts 
to about 40,000 tons of production waste and 2 million tons of postconsumer 
waste. Reinforcements of concrete and soil with discrete fibers are proven 
technologies to enhance the performance of these construction materials. The 
benefits of using carpet waste fibers for such reinforcements have been dis- 
cussed in this article. 

A study on the properties of FRC with carpet waste fibers has been con- 
ducted with different fiber dosage rates, from 0.07 to 2.0 vol.%. Tests were 
performed to evaluate their compressive strength, flexural toughness, and 
flexural strength. The study showed that waste fiber reinforcement can effec- 
tively improve the shatter resistance, toughness, and ductility of concrete. The 
use of low-cost waste fiber for concrete reinforcement could lead to improved 
infrastructure with better durability and reliability. Other applications could 
include pavements, columns, bridge decks, and barriers, and for airport con- 
struction as runways and taxiways. 

~ 



CARPET-FI BER-REINFORCED CONCRETE AND SO1 L 545 

The use of carpet waste for soil reinforcement was shown to increase the 
triaxial compressive strength and residual strength of soil. Field trials showed 
that shredded carpet waste fibers (to 70 mm long) can be blended into soil with 
conventional equipment, and they confirmed other advantages such as im- 
proved durability for certain types of soil. Studies are still underway to 
achieve a better understanding of the reinforcement mechanisms. 
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Abstract 

Roughly 4 billion pounds of carpet are disposed of in the United States 
each year. This carpet is composed of a significant fraction of nylon, 
polypropylene, and polyester fiber. A key limiting factor to recycling is 
effective design and development of the reverse production system to 
collect and reprocess this large volume of valuable material. A reverse 
production system is composed of material and chemical recycling func- 
tional elements interconnected by transportation steps. In this article, we 
develop a mixed-integer programming model to support decision-mak- 
ing in reverse production system design. To illustrate its use and appli- 
cability, we apply the model to a representative US.  carpet recycling in- 
dustrial case study. The overall economic feasibility of recycling is 
strongly dependent on the volumes that can be expected from invest- 
ments in collection infrastructure. The geographic location of process- 
ing centers influences the network economics, and the subdivision of re- 
cycling tasks to avoid the shipment of low value material is proposed as 
an effective strategy for carpet recycling. 

* To whom correspondence should be sent. 
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INTRODUCTION 

The recycling of thermoplastics has been technically feasible from the first 
conception and synthesis of this broad class of materials. It has been the eco- 
nomic viability, societal inertia, and costs of establishing the necessary sys- 
tems to recycle them that have been the highest barriers to widespread adop- 
tion of “closed-loop” production systems. The main technical challenges 
center on processes to extract materials from the products in which they have 
been embodied. This must be done with minimum effort and cost, with the re- 
sulting material in forms pure enough to guarantee physical properties. The 
combination of material and chemical recycling tasks, suffixed by a set of dis- 
tribution tasks that connect to the final end use, constitutes a reverse produc- 
tion system (RPS). Figure 1 depicts the general structure of the RPS and its as- 
sociated forward production system. 

The central theme of this article is the development of models to support 
the construction of efficient reverse production systems. This means simulta- 
neously considering the end uses to which the recycled material should be 
directed, the tasks that will regenerate the material from products, and the 
appropriate scale and location of those tasks. In addition, the structure of 
the RPS will not be static over time, because recycling technologies, economic 
incentives, and volumes of material are in flux. We will present a model 

Increase in Manufactured Value 

f i  

Decrease in Manufactured Value 

FIG. 1. Material flows in forward and reverse production systems. 
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that supports a decision-maker in addressing these questions at a strategic 
level. 

To illustrate the application of the model to polymer recycling, we will use 
carpet, as this is the focus of significant industrial effort to establish reverse 
production systems and has many of the features of any product containing 
significant fractions of thermoplastic materials. A useful starting point is to es- 
timate the overall magnitude of the problem, both in terms of material vol- 
umes and overall value. Some important statistics related to carpet production 
which are relevant to recycling are given in Table 1 (1). 

The most striking feature of the waste produced by replacing existing car- 
pet is not the landfill volume it generates, about 1% of the total, or the cost of 
disposal, about $100 million, based on a landfill cost of $50/ton, but the lost 
opportunity of the material value. This material is valued at $750 million, 
based on nylon staple and BCF shipments and a price of $0.50/lb. Thus, if di- 
verted from landfill, nylon carpet represents a vast untapped source of raw ma- 
terial. However, the question remains: How to capture this value? 

PREVIOUS WORK 

Today, much of the published research in reverse productions systems is pro- 
duct- or system-specific and generally features a scope of the problem definition 

TABLE 1 
US.  Statistics Relevant to Carpet Recycling Figures for 

1995 

Overall Carpet Statistics 
Total carpet sales 1.57 billion sq. yards 
Total carpet weight 6.8 billion Ibs. 
Total value of sales 9.5 billion 
Replacement market 213 of total 
Residential market 213 of total 
Commercial market 113 of total 

Broadloom Carpet Market 
Homeowner purchase 62% 
Specifier purchase 13% 

Nylon Fiber 
% of face fiber market 
Nylon staple & BCF shipments 

63% 
1.8 billion lbs. 

Source: Ref. 1. 
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that varies among authors. A large proportion of the current research is being 
conducted in Europe because of a greater awareness for the need to recycle 
and a generally more proactive stance by governmental agencies. Examples of 
current research on recycling and resource recovery for specific materials such 
as aluminum, building materials, paper, plastics, iron, and sand include Refs. 
2-6. Materials recycling models are complemented by models for packaging 
recycling (7-10) and durable-product recycling (1 1). Previous work in carpet 
recycling studies include Ref. 12, which presents an analysis of the economics 
and engineering issues associated with carpet recycling. This article builds on 
the initial work in carpet recycling infrastructure design described in Ref. 13. 
We are unaware of any other analytic approaches for carpet reverse produc- 
tion system design. Perhaps closest to the work described here are the prelim- 
inary models proposed in Ref. 14 and the model given in Ref. 6. 

In the next section, we present a description of our model, its assumptions, 
and the mathematical form of the reverse production system problem; the de- 
tails of the formulation are given in the Appendix. In the section Model Ap- 
plication to Strategic Infrastructure Design, an example of the model is pre- 
sented to address a specific strategic question for a recycling network based 
loosely on an existing network developed by DuPont. In the final section, we 
provide conclusions and directions for future work. 

REVERSE PRODUCTION SYSTEM MODEL 

The mathematical description given in this section is an abstract and reason- 
ably general model to describe reverse production system allocatiodocation 
problems of both design and operational types. The primary purpose of the 
model is to aid in decision-making at the strategic level of recycling infras- 
tructure design. We do not envision the model being used to actually coordi- 
nate the operation of such a system once the basic design has been established, 
because the logistics component is not detailed enough. At the level of opera- 
tion, the problem should be capable of being cast into a standard logistics for- 
mulation. 

Basic Model Elements 

The framework of our model is a general network of reverse production tasks 
located across a set of sites and connected by transportation links. The model 
has a basic similarity to the resource task network framework used in chemi- 
cal engineering scheduling formulations (1 5). 

Sites. These are geographic locations at which various tasks can be per- 
formed. The important information describing a site, for our purposes, 
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is the means to compute distances and available travel modes between 
it and other sites, the reverse production tasks that either can or are be- 
ing performed there, and any capacity restrictions on tasks or storage of 
material. 
Recycling Tasks. These are the processes that constitute the reverse pro- 
duction chain. In most cases, the task chain will begin with collection 
and then go through a series of sorting, separation, and material recy- 
cling tasks. The important information about a task is the material types 
that are consumed and produced by the task, and its cost. The task is as- 
sumed to produce given fractions of prespecified material from input 
materials; for example, a sorting task might produce “nylon carpet” and 
“other carpet” from “unsorted carpet.” The task would have a maximum 
extent given in terms of pounds of material per time unit. The fractions 
of material entering the task from the input states must sum to 1, simi- 
larly for the output state fractions. 
Transportation Tasks. These tasks link the various sites together by 
transferring material between them. The tasks are specified by the two 
sites that they connect and by the mode of the transportation that is em- 
ployed. The shipping costs are assumed to be a linear function of the 
amount of material shipped by that route. This is obviously an oversim- 
plification, but it is a reasonable approximation for this level of opera- 
tional analysis. 

An illustration of the base case network of tasks is shown in Fig. 2. The car- 
pet is collected at various points, of which only one is shown, and then moved 
by truck to a central facility where the carpet is sorted and separated into ny- 
lon and other types of carpet. The other types of carpet are then moved by 
truck to another nearby reprocessing facility to be turned into a shoddy mate- 
rial and didlatex. As examples, shoddy can be used for furniture stuffing, and 
the stream of dirt, calcium carbonate, and latex can be used as a soil enhancer 
(the details of this are not shown). The nylon carpet is further processed 
through a task that separates the material into three states: nylon, polypropy- 
lene, and the didatex backing. The nylon and polypropylene are then subject 
to transportation tasks so as to transform them into states in which they can be 
compounded with virgin material in final products. The fate of the dirt and la- 
tex materials is the same as that for the other carpet. 

To study modifications to this base case, additional model elements can 
be added. For example, alternative transportation tasks can be added from 
some of the collection points to a facility that sorts carpet and sends the nylon 
on to the existing facility but which generates shoddy that can be sold locally. 
The addition of this structure does not force the material to be routed through 
these tasks but generates the necessary superstructure such that the optimal 
network can be selected by the optimization algorithm in its search for the 
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FIG. 2. Task network for carpet recycling. 

highest revenue solution. The revenue is determined by the value of the final 
end materials minus the various costs of operating the network. These costs 
are both the fixed costs of establishing the capital equipment for the facilities 
and the variable costs based on the volume of material processed. The model 
can be configured in a variety of ways, either with the infrastructure fixed to 
evaluate network operation or variable to assess which sites to open and where 
to locate recycling tasks. 

A verbal description of the model can now be given as follows: 

Maximize: Net Profit (Revenues - Operating and fixed costs) 
Subject to: Flow balances between sites (based on material consumed 

and produced by the tasks located at those sites) 
Upper and lower bounds (based on storage, transportation, and process- 
ing of material at sites) 
Logical constraints on sites (such as the need to open a site before al- 
lowing tasks to be located there) 
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The full mathematical statement of the model can be found in the Ap- 
pendix. The model was validated using data from an industrial partner’s oper- 
ation and obtained a solution that matched the actual operational values. After 
validation, we used the model to investigate a number of questions related to 
the design and operation of the carpet reverse production system design and 
operations. 

To obtain the results described in the following section, the problem re- 
quired the solution of a formulation of the model presented in the Appendix 
with 1476 integer variables, 10,117 continuous variables, and 13,447 con- 
straints. This problem was solved on a Windows-based 200 MHz Pentium I1 
personal computer with 48 MB of memory using AIMMS commercial mixed- 
integer programming software ( 16). Computational solution time varied from 
less than 81 s to 130 min. 

MODEL APPLICATION TO STRATEGIC 
INFRASTRUCTURE DESIGN 

To examine strategic design issues for carpet recycling, we have worked with 
a representative industrial system to explore the following: 

The overall scale of the network-What is the appropriate volume to be 
recycling now, and in the future? 
The morphology of the network-What is the appropriate distribution 
and aggregation of recycling tasks? 
The growth pattern of the network-How should we evolve the net- 
work over time? 
The end uses of the materials circulating in the network-Into what 
products should the materials be recycled? 

For our case studies, the used carpet collection points are located through- 
out the United States. Figure 3 gives the rough geographical location of these 
points. Currently, there is a single reprocessing site, located in Chattanooga, 
TN, to which all collected material is shipped by either truck or rail. All case 
studies are run for a period of 1 year, so collection volumes are considered an- 
nual volumes. 

In the case studies, various hypothetical alternatives to this arrangement are 
considered. The first is the default strategy of simply landfilling the material. 
Other alternative processing networks and growth strategies are considered. 
Finally, a number of recycled materials are generated from the carpet that are 
put to specific end uses or, in the case of nylon, can be directed to different end 
uses. There are three different processes for generating final materials. The 
first is grinding and separation, which is assumed to generate a stream of ny- 
lon pure enough for use as a molding compound. The second is depolyl, 
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* Current and potential processing sites 

A Current Shipping points of finished materials 

0 cwi" active collection sites of used carpet A 

FIG. 3. Geographical distribution of initial carpet collection and reprocessing 
network. 

which converts the nylon 6 back to caprolactam; processes for carrying this 
out are given in Refs. 17 and 18. The third is ammonolysis, which converts the 
nylon 6 or 66, back into hexamethylene diamene (HMD), this will be referred 
to as depoly2 (19). The various investment and operating costs for these two 
processes are our estimates and do not represent actual data on the processes 
from the patents or commercialized processes. 

There are several assumptions made in the case studies concerning prices 
that influence the outcomes. The case studies do not replicate any existing in- 
dustrial system; instead, where possible, prices and carpet composition num- 
bers were obtained from Refs. 12 and 20. The specific numbers used in the 
study, apart from distances, are given in Table 2. It is assumed that the equip- 
ment for shredding can be chosen for any of the sites. The case studies assume 
that depoly2 can only be located at Kingston, and depolyl can only be located 
at the Birmingham site, with the assumption that the depolyl process cost is 
estimated to be approximately 1.25 times the cost of the depoly2 process. It is 
also assumed that either type of depolymerization process can triple its capac- 
ity by doubling the equipment cost. This is done to incorporate a notion of 
"economy of scale" for the processing capability. An additional processing as- 
sumption is that sorting can be done at collection sites or at the processing 
sites, but it is assumed that the setup costs for the collection sites would be 
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TABLE 2 
Data Used in Case Studies 

Description Value 

Selling price of caprolactam, from Ref. 20 
Selling price of HMD, from Ref. 20 
Selling price of HMD pellets 
Selling price of compost 
Selling price of shoddy per pound 
Disposal of waste to incinerator 
Dumping other types of carpet, from Ref. 12 
Charge for collection in scenarios 
Cost to sort used carpet 
Cost to set up to sort at a processing site with 

Cost to set up to sort at a nonprocessing site with 

Cost to set up for grinding; 60,000,000-lb. 

Cost of grinding 
Cost to set up for depoly2; 100,000,000-lb. 

Cost to set up for depoly2; 200,000,000-lb. 

Cost to set up for depoly2; 400,000,000-lb. 

Cost to set up for depolyl; 100,000,000-lb. 

Cost to set up for depolyl; 200,000,000-lb. 

Cost to set up for depolyl; 400,000,000-lb. 

Cost to pelletize, nylon or polypropylene, from 

Cost of shipment 
Cost for opening processing site (Kingston or 

Birmingham) 
Carpet makeup used, from Ref. 12 

60,000,000-lb. capacity 

60,000,000-lb. capacity 

capacity 

capacity 

capacity 

capacity 

capacity 

capacity 

capacity 

Ref. 13 

$0.90 per pound 
$0.72 per pound 
$0.25 per pound 
0 
$0.20 per pound 
- $0.05 per pound 
- $0.025 per pound 
$0.025 per pound 
$0.01 per pound 
$1,7 14 per annum" 

$5 1,7 14 per annum 

$1,534,000 per annum 

$0.01 per pound 
$6,010,000 per annum 

$9,080,000 per annum 

$13,760,000 per annum 

$7,570,000 per annum 

$1 1,430,000 per annum 

$17,320,000 per annum 

$0.09 per pound 

$0.078 per ton per mile 
$1,000,000 per annum 

Nylon 66: 40% 
Nylon 6: 27.5% 
Polypropylene: 21% 
Polyester: 10.5% 
Waste: 1% 

a Annualized costs are based on taking the total capital costs and depreciating them over 7 
years to generate an annualized equivalent cost. 
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more expensive due to the necessity of having to rent or own additional ware- 
house space. 

Information on U.S. population density obtained from the United States 
Census Bureau was used to allocate collection distribution among the various 
sites so that carpet volume collection is distributed according to population in 
the collecting areas. As volume is increased, it is done uniformly throughout 
the network; for example, it is assumed that if carpet collection volume is dou- 
bled overall, collection is simply doubled at each collection location. 

Case Study 1. Overall Scale of the Network 

The first case study is a simple exercise to demonstrate the capabilities and op- 
eration of the model. For this case study, we investigate the impact of vol- 
ume-how much used carpet is collected for reprocessing-on the optimal 
processing and shipping configuration of the network. For this study, we con- 
sider adding a potential West Coast collection center to the existing system 
shown in Fig. 3 and assume that unsorted, used carpet is shipped to one of two 
collection centers: Los Angeles, California or Chattanooga, Tennessee. After 
processing, the recycled nylon fiber is then sent to Kingston, Ontario or Birm- 
ingham, Alabama, as shown in Fig. 4. Because this process has only two cen- 

/ Orlando 

FIG. 4. Aggregated processing and reuse network for case study 1. 
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90  

Volume in Millions of Pounds 

FIG. 5. Net revenue as a function of carpet collection volume for case study 1. 

tralized collection sites, this will be referred to as the aggregate case scenario. 
To determine the best network configuration at different volumes, the model 
was run at collection volumes that were parametrically varied from 50 million 
pounds to 450 million pounds in increments of 50 million pounds. 

The optimal configuration and resulting net revenue were determined for 
each level of carpet collection volume. Because depolyl can only process ny- 
lon 6 ,  depoly2 tends to dominate the solutions, despite the closer proximity of 
Birmingham to the majority of the collection sites and lower value of HMD; 
this shows that volume is a strong driver of infrastructure investment. This is 
due to the fact that in the case study data, nylon 6 only makes up 27.5% of car- 
pet collections, whereas nylon 66 combined with nylon 6 makes up 67.5% of 
all carpet collections. The net revenue associated with the optimal solution ob- 
tained for each level of collection volume is given in Fig. 5. The revenue curve 
is strictly monotonic, increasing over the covered interval. This would indi- 
cate that volume is a powerful driver of the derived revenue with the values 
used in this case study. This is similar to the result found in Ref. 13. 

Case Study 2. Morphology of the Network 

Here, we wish to investigate how the optimal structure of the reverse produc- 
tion system is influenced by the problem parameters. For this case study, the 
task of separating the carpet into nylon and other types was allowed to be al- 
located to different geographic sites and the shoddy generation task treated as 
a separate investment. This generates different possible network structures, as 
carpet can be processed in a separate location, near collection centers with rea- 
sonable geographic density, such as California, rather than at one facility lo- 
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cated in the eastern half of the United States. This allows a more diffuse col- 
lection network, which we designate as the disaggregate scenario. Nine dif- 
ferent U.S. population centers were chosen, as shown in Fig. 6. Using the same 
data values except for network structure as in the first (aggregate) case study, 
again the collection volumes were varied from 50 million to 450 million 
pounds; depolyl can be located at Birmingham, whereas depoly2 can be lo- 
cated at Kingston. 

As in the first case study, the optimal configuration and resulting net 
revenue were determined for each level of carpet collection volume. For 
these comparable data sets, a disaggregated network structure seems to 
dominate the aggregate one because the profits are consistently higher for 
the disaggregate scenario compared to those found for the aggregate scenario, 
as shown in Fig. 7. However, note that the shapes of the two curves are 
similar. 

The relatively higher profits for the disaggregate scenario are believed to 
be due to a lower average transportation cost, as a large percentage of the U.S. 
population is to be found on the East Coast. The similar shape of the curves 
result from similar decisions being made about which processes should be 

n 

FIG. 6. Disaggregated reverse production network used in case study 2.  
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FIG. 7. Net revenue at various collection volumes for two alternative scenarios. 

used at each collection level. These would seem to indicate that decisions are 
based more on collection volume than morphology of the network. Kingston 
once again dominated the solution because of the greater versatility of the de- 
poly2 process. 

Case Study 3. Growth Pattern of the Network 

In this case study, we examine the utility of the model for determining the 
growth pattern of the network. One way to demonstrate this is by examining 
the way the production capacity evolves in the optimal solutions for growing 
collection volumes in the previous case studies. At every level where produc- 
tion occurs, shoddy production is chosen for the optimal solution because its 
production equipment is relatively less expensive than the depolymerization 
equipment and there are certain carpet types that would have to be landfilled 
if this option was not chosen. 

Depoly2 is also chosen at some level for each collection volume except at 
the lowest collection levels of the aggregate scenario, as it can impart a higher 
value to the nylon 66 carpet waste, which makes up most of the used nylon 
carpet. For the first two case studies, the solution was selecting from among 
three levels of the depolyl and depoly2 production capabilities: 100,200, and 
400 million pounds of nylon carpet. The 400 million pound level was never 
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TABLE 3 
Level of Depolyl Production Capacity in the Optimal Solutions 

Aggregate case Disaggregate case 

Depolyl Depolyl Depolyl Depolyl 
Millions of 100-mmlb 200-"lb 100-mmlb 200-mmlb 

pounds capacity capacity capacity capacity 
~~ ~ ~ 

SO-300 No No No No 
350450 Yes No Yes No 

TABLE 4 
Level of Depoly2 Production Capacity in the Optimal Solutions 

Aggregate case Disaggregate case 

Depoly2 Depoly2 Depoly2 Depoly2 

pounds capacity capacity c3pacity capacity 

50 No No Yes No 
100-1.50 Yes No Yes No 
200450 No Yes No Yes 

Millions of 100-"lb 200-"lb 100-mmlb 200-"lb 

chosen in these scenarios, and so will not be referred to again. Tables 3 and 4 
show the level of depolyl and depoly2 production capacities included in the 
optimal solution for the different collection volumes in the aggregate and dis- 
aggregate scenarios. 

The optimal solutions for the aggregate and disaggregate cases are the 
same except at the 50 million pound level. For the aggregate case, neither 
depolymerization process is viable at 50 million pounds (mmlb) and grinding 
and pelletizing was done in Chattanooga. For the disaggregate case, the 
lower collection and shipping costs allow the investment in the relatively 
expensive depoly2 process to be profitable even at 50% of its capacity. This 
is particularly important if we are unable to accurately predict the volumes 
that will be returned since there is a wide scope for making profit even if 
volumes are substantially less than predicted capacity. This couples the mor- 
phology, aggregate or disaggregate, with the collection volume: The optimal 
decision at the same volume level is different for the two morphologies. 
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TABLE 5 
Production Amount of Nylon Pellets at Different Collection 

Levels for Both Aggregate and Disaggregate Cases 

Millions of pounds 
of nylon pellets produced and Million of pounds of 

collection volume sold 

50,100 
150 
200,250 
300 
350,400 
450 

0.0 
3.8 
0.0 

27.7 
0.0 

11.5 

Case Study 4. End Uses of Materials 

For this final case study, we wish to explore the end uses of the materials cir- 
culating in the network-how to obtain the highest value for the materials cir- 
culating through the network. Nylon 6 carpet is generally of higher intrinsic 
value for the processes used in this study, as it can be robustly used for both 
depolymerization processes and can be converted into the higher-value capro- 
lactam. Yet, we found that in most of the optimal solutions, nylon 6 was in- 
stead used as a lower-valued material due to processing limitations. 

There were also several times when nylon pellets were sold without going 
through depolymerization despite the possibility of adding value to the mate- 
rial. This is shown in Table 5. At the levels which nylon pellets were pro- 
duced, capacity on the current set of equipment had been reached, but it was 
not profitable to open a larger depolymerization process at the given collec- 
tion volume. These are also the breakpoints found in Tables 3 and 4 as well as 
the concavities experienced in the curves of Fig. 7. Consequently, nylon 6 was 
used for HMD or for pelletizing. At these collection volumes, the resulting 
production network is not getting the highest value from the carpet due to ca- 
pacity limitations. 

CONCLUSIONS 

The model results show several qualitative trends about systems for carpet re- 
cycling. First, the volume of carpet recycled significantly impacts the feasi- 
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bility of certain processing options and the overall economics of recycling. 
Different capital-intensive processes become feasible at various levels of vol- 
ume and tend to crowd out small processes because of their ability to generate 
high-value, high-purity commodity chemicals that can be sold as virgin mate- 
rial on the spot market. Between the jumps in capacity that are natural with 
these large-scale investments, other less capital-intensive, lower-volume pro- 
cesses can usefully consume the carpet material. The difficulty is in predict- 
ing the elasticity of the volume with respect to either the price charged to take 
the carpet or the price paid to the carpet owner. Second, the ability to consume 
all the collected carpet is advantageous. The disposal of a significant fraction 
of the carpet, either whole because of the inability to recycle the particular face 
fiber, or the material generated by separation or removal of the high value 
fiber, can lower the overall network profit significantly. This suggests that col- 
laborations between companies engaged in carpet recycling will profit all par- 
ties, as the costs of running the collection and sorting parts of the network will 
be shared over a broader material base. Third, the more distributed the sorting 
task can become, the better the network performs; this is driven by the fact that 
the heavy carpet is not shipped only to be discarded. This can result in the abil- 
ity to have higher capital investment in the chemical recycling and thus gen- 
erate higher-value materials at lower volumes. The enabler of distributed sort- 
ing is low-cost identification technology, which has recently been developed 
for carpet (21). 

Overall, we believe that this type of strategic model can be a useful tool to 
help scope the development of a recycling network for a variety of products 
over time. It can demonstrate the sensitivity of revenues to volume assumptions 
and provides the basis for doing a robust design to account for the uncertainties 
in price and volume that are frequently encountered in recycling operations. 

APPENDIX: MATHEMATICAL MODEL 

The mathematical model for reverse production system design and operation 
is developed using the following notation for indices, decision variables, and 
parameters. Because some of the decision variables are integer in definition, 
the formulation is developed as a mixed-integer programming problem. First, 
we define indices used to distinguish model elements in Table Al .  

For ease of notation, we have distinguished between different groups of pa- 
rameters and variables using superscripts, as given in Table A2. In Table A3, 
the notation for the decision variables used in the model is defined and Table 
A4 presents the notation used to define parameters for the model. Using this 
notation, the mixed-integer programming model for reverse production sys- 
tems strategic infrastructure determination is stated in Table A5. 

I 
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TABLE A1 
Model Indices 

i Sites 
j Material type 
m Transportation mode 
P Process type 
4 Replication of recycling task 
t Time period 

TABLE A2 
Model Superscripts 

c Collection 
r Storage 
S Site 
h Transportation 
d Material sales 

TABLE A3 
Model Decision Variables 

M,, 
S1,r 
Hip 'mr 

DIJt 
s , r  
Yl"' 
Yll" ih) 

YZP¶ 

yid) 

2) 

Amount of material collected of typej at site i at time period t 
Amount of material stored of type j at site i at time period t 
Amount of material shipped from site i to site i' of type j using 

Amount of material sold at site i of type j at time period t 
Extent of process p performed at site i during time period t 
1 if collection is to be performed at site i, 0 otherwise 
1 if shipment is to be allowed between sites i and i' by 

transportation mode m, 0 otherwise 
1 if replication q of process p is to be allowed at site i, 0 otherwise 

1 if material j is allowed to be sold at site i, 0 otherwise 
1 if site i is to opened, 0 otherwise 

transportation mode m at time period t 

1 1 if storage is to be allowed at site i, 0 otherwise yfc! 
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TABLE A4 
Model Parameters 

Price of selling material j at site i at time t 
Charge per unit per time period for storage at site i 
Charge per unit per time period for collection at site i 
Charge per unit flow per time period for process p at site i 
Transportation cost in unit flow per distance from site i to i f  for 

transportation mode m 
Distance from site i to it by transportation mode m 
Fixed cost of opening site i 
Fixed cost of storage capability at site i 
Fixed cost of collecting material at site i 
Fixed cost of process p at site i 
Fixed cost for transportation from site i to site i‘ by transportation 

Maximum capacity for collection of material type j at site i at time 

Maximum amount of material typej that can be sold at site i in any 

Maximum amount of material that can be stored at site i in any time 

Maximum amount of material that can be shipped for site i to it by 

Maximum amount of material that process p can produce at site i at 

1 if storage is allowed at site i, 0 otherwise 
1 if materialj can be sold at site i, 0 otherwise 
1 if shipment by transportation mode m is allowed between sites i 

1 if process p is allowed at site i, 0 otherwise 
1 if collection is allowed at site i, 0 otherwise 
Proportion of material type j consumed by process p 
Proportion of material type j produced by process p 

mode m 

period t 

time period 

period 

transportation mode m 

time period t 

and it, 0 otherwise 
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Abstract 

Innovative, cost-effective technologies that have a positive life-cycle en- 
vironmental impact and yield marketable products are needed to meet the 
challenges of the recycling industry. Two polymeric materials-recovery 
technologies that are being developed at Argonne National Laboratory in 
cooperation with industrial partners are described in this article. 

INTRODUCTION 

The materials recovery and recycling industries have historically and will con- 
tinue to be important to a sustainable society. The value-added services of 
these industrial sectors conserve material and energy resources, reduce envi- 
ronmental burdens associated with energy use and solid-waste disposal, pro- 
vide employment, and internationally disseminate wealth. Materials recycling 
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in the United States is estimated to conserve 2.1 X 1015 kJ/year of energy and 
reduce COz emissions by 136 million tondyear by recycling about 110 mil- 
lion tons/year of material. 

In 1997, the U.S. recycling industry recovered and processed almost 55 
million tons of scrap iron and steel from diverse sources, including industrial 
scrap, obsolete cars and appliances, and municipal waste. The industry also re- 
covered and processed 8 million tons of nonferrous metals, 34 million tons of 
paper, and 13 million tons of other materials, including scrap tires, automotive 
fluids and industrial solvents, fibers and cloth, and plastics (1). 

As new products are developed, existing products evolve, and environ- 
mental constraints on the recycling industry intensify, the recycling industry 
faces new challenges: 

Substitution of other materials such as plastics for metals, and the con- 
sequent reduction of metal content in obsolete products, especially in 
such consumer durables as cars and household appliances, reduces the 
economic incentive for collection of these products and recovery of the 
metals. 
The increasing complexity of materials such as polymer matrix com- 
posites and metal matrix composites to meet high-performance applica- 
tions will require new recycling technology. 
Improved purity and performance specifications for virgin materials en- 
gender demand for higher-quality recycled materials. 
Increased expense, unbounded risks, and decreased availability of 
and/or bans on landfills compel that alternatives be found for disposal 
of wastes and by-products from recovery processes. 

To meet these challenges, innovative cost-effective technologies, particularly 
novel separation processes, that have a positive life-cycle environmental im- 
pact and yield marketable products need to be developed and commercially 
demonstrated. Argonne National Laboratory, in cooperation with industrial 
partners, is developing technologies to respond to specific obstacles identified 
by the recycling industries. Among these are (1) dezincing of galvanized steel 
scrap, (2) material recovery from auto-shredder residue, (3) high-value plas- 
tics recovery from obsolete appliances, and (4) aluminum salt cake recycling. 
Materials recovery from shredder residue and plastics recovery from appli- 
ances are discussed in this article. 

MATERIAL RECOVERY FROM AUTO-SHREDDER RESIDUE 

Discarded vehicles, which contain as much as 75 wt.% iron and steel, are a pri- 
mary source of ferrous scrap to the steelmaking industry. After dismantling at the 
“junk yard” to remove reusable and remanufacturable parts and certain recycled 
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materials such as batteries, radiators, and catalytic converters, the remaining auto 
hulks are flattened for transportation to scrap processors. There, the auto hulks 
with other source materials are fed to hammermill shredders, which shred the 
hulk into fist-sized pieces of material at the rate of about one hulk per minute. The 
ferrous and nonferrous metals are recovered from the shredded material, leaving 
a residual known as automobile shredder residue (ASR), which amounts to 
20-25% of the original weight of the vehicle. The generation of ASR in North 
America is estimated at 3-5 million tondyear. Equivalent quantities are esti- 
mated to be generated in Europe and the Pacific Rim. 

Automobile shredder residue is a complex, diverse-sized mixture of dirt, 
glass, wires, wood, tar, rocks, sand, rust, rubber, fibers, fabrics, paper, auto- 
motive fluids, moisture, and plastics [polyurethane foams, reinforced 
polyesters, bulk molding compounds, sheet molding compounds, polyethy- 
lene (PE), polypropylene (PP), polyvinyl chloride (PVC), acrylonitrile-buta- 
diene-styrene (ABS), nylons, acrylics, and phenolics]. The composition and 
density of ASR may change from day to day and site to site as different types 
of source materials are shredded. The approximate composition for ASR is 
presented in Fig. 1. 

Historically, ASR has been landfilled. As the trend of light-weighting ve- 
hicles continues by replacing metals with plastics and other complex materi- 
als, the amount of ASR generated per ton of metal recovered from obsolete ve- 
hicles will increase, thereby decreasing the economic incentive of the scrap 
processor to use obsolete cars as a source of recycled metal. New technology 
is required to recover the recyclable materials from shredder residue to sustain 
the economic viability of obsolete car recycling. 

3.7% Acrylic Phenolic 
2.5% 2.1% 

FIG. 1. Approximate composition of ASR. (From Ref. 2.) 
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FIG. 2. Argonne strategy for processing shredder residue. 

Because of the heterogeneous character of ASR, recovery of recyclable 
materials is difficult. We approached the problem of materials recovery from 
ASR by identifying potentially marketable, high-value materials, and then de- 
veloping separation and purification processes to recover them. The recycling 
strategy that has evolved is represented by the material flow diagram in Fig. 
2. The potentially marketable materials targeted for recovery are polyurethane 
foam (PUF), inorganic fines for use by the cement industry, and certain ther- 
moplastics, such as ABS, PVC, nylons, PE, and PP, that are compatible with 
virgin plastics. 

Technology Description 

The Argonne ASR recycling technology involves several steps (3-6): (1) me- 
chanical separation of the foam, plastics, and fines; (2) polyurethane foam 
cleaning; ( 3 )  upgrading of the fines to meet requirements of the cement in- 
dustry; (4) recovery of thermoplastics; ( 5 )  recovery of energy from the resid- 
ual material. Our development efforts on the first three of lhese steps are the 
most advanced. 

Mechanical separation equipment must ultimately be adapLed to the equip- 
ment existing at individual shredder facilities. Commonly, shredded materials 
that have had their ferrous components removed by magnetic separation are 
fed to a trommel to remove fines and then to an eddy-current separator to re- 
cover nonferrous metals. In such an arrangement, the fines can be subjected to 
additional size segregation to recover fines <0.6 cm, followed by magnetic 
separation to generate an iron-rich fines fraction suitable as an alternative iron 
unit for the cement industry. 
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The nonmetallic fraction from the eddy-current separator, combined 
with an air-classified light fraction if generated in the shredder facility, is 
the feedstock to the foam recovery unit. A schematic diagram of the foam 
recovery and cleaning process is given in Fig. 3. A patent is pending on this 
process (7). 

The mixed feed material is routed to a trommel of unique design to sepa- 
rate the foam from a plastics-rich stream containing residual dirt and fines. 
The dirty foam separated in the trommel is conveyed to a foam shredder, 
where it is reduced to a consistent size of about 4 X 7 cm. Size reduction is 
necessary for effective cleaning and subsequent drying of the foam, and it also 
assists in liberating entrained dirt and metals. The sized foam is processed fur- 
ther to ensure that no entrained metals or rigid noncompressible objects are fed 
to the downstream cleaning operations. 

The sized metal-free foam is washed in a linear washing machine that au- 
tomatically conveys the foam. The washing solution is water containing a sur- 
factant for liberation of entrained oils and dirt. Wash water is maintained be- 
tween 50°C and S O T ,  depending on the surfactant. The dirty wash water 
cycles through hydrocyclones, an ultrafilter, and a settling tank prior to recy- 
cling it to the wash tank. Oils are skimmed from the top, and entrained solids 
are screw-conveyed from the bottom of the settling tank for disposal. Efflu- 
ents from processing 100 tons of dirty foam are about 83 tons clean foam, 13 
tons dirt, and 4 tons oily water. 

1 ASR 1 Air-Classified Lights 

Trommel Current Separator 
Separator Trommel 

Plastic 
Fraction 

1 1 Fresh Water and Suhctanf Makeup 

Washing Drying 

Recovered Oils Water 
Recovery 

iwae Water 

FIG. 3. Schematic diagram of the polyurethane foam recovery process. 
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The washed foam is rinsed with water at 70°C in another linear washing 
machine of similar design to the first one. The clean foam is then dried in a lin- 
ear conveyor dryer with hot air. Residence time in the dryer is less than 10 min 
to achieve a retained moisture content of less than 1 wt.% in the foam. The 
clean dry foam is then conveyed to a horizontal baler to densify it for shipment 
to the customer. 

The plastics-rich stream separated in the foam recovery trommel may be 
processed further to recover and purify target polymers. The specific chemi- 
cal treatment processes applied depend on the physical and chemical proper- 
ties of the target product and waste stream. In the laboratory, we have evalu- 
ated froth flotation and selective solvent dissolution processes to recover 
high-purity ABS, PVC, and polyolefins. Process economics favor froth floata- 
tion technology, which is discussed in the next section for a specific plastics 
separation system. 

Process Economics 

In this article, we present only the economics for the PUF processingkleaning 
section, as displayed in Table 1. The cost of equipment for separating the foam 
and other materials from the shredder residue is site-specific. 

The raw materials consumed in virgin PUF applications are valued at 
$1900-$2200/ton. Our market research suggests that the recovered clean 
foam could be sold in the scrap foam market at $660/ton. 

TABLE 1 
Process Economics (Annual Basis) for Polyurethane 

Foam Recovery and Cleaning 

Revenues, $thousandyear 
Polyurethane foam ($660/ton PUF) 300.0 

Total revenues 300.0 

Operating Costs, $thousandyear 
Chemicals 
Waste disposal 
Utilities 
Labor (one operatodshift) 
Maintenance 

Total operating costs 

6.3 
24.0 
32.3 
30.0 
25.0 

117.6 

Net Income, $thousand/year 182.4 
Capital Cost, $thousand 525.0 

Note: Capacity of 450 tondyear clean foam (11,000 
tondyear ASR feed); single-shift operation. 
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The annual operating costs for a 450-ton/year facility are estimated at 
$1 18,00O/year relative to revenues of $300,00O/year. Equipment capital cost 
is estimated at $525,000, yielding a payback in about 3 years. 

Status/Future Research 

The mechanical separation of foam, plastics, and fines in ASR has been 
demonstrated in our pilot plant, which has a 2-tonA-1 feed capacity. This pilot 
plant includes a shredder, a specially designed four-stage trommel, magnetic 
separators, an eddy-current separator, and material transport conveyors. This 
pilot plant can also process other solid-waste streams. To date, we have used 
this equipment to concentrate plastics from ASR, obsolete appliance fluff, and 
electronics waste. 

The foam separation and purification process has been demonstrated in a 
batch-operation pilot plant (producing more than 2 tons of clean foam) and in 
a continuous foam-processing system (0.05 tons/h capacity) installed at an 
auto-shredder site. The foam recovered from the batch tests was found to meet 
both the specifications of the market for scrap foam and the performance cri- 
teria for new material carpet padding for automotive applications. Operations 
of the continuous pilot facility have been completed. From these operations, 
which yielded nearly 3 tons of clean foam product, engineering data for the 
design of a commercial-scale plant and for confirmation of process economics 
have been generated. 

HIGH-VALUE PLASTICS RECOVERY FROM OBSOLETE 
APPLIANCES 

Appliances are manufactured from a variety of materials, including metals, 
polymers, foam, and fiberglass. Metals compose more than 75% of the total 
weight. Appliance recycling has been driven by the value of the steel, with ob- 
solete appliances processed in auto-shredders to recover their metallic con- 
tent. In the past 15 years, the use of polymers in appliance manufacturing has 
increased substantially at the expense of metals. As a consequence, a greater 
volume of nonmetallic fraction (shredder residue or fluff), containing higher- 
value polymers, is being generated and landfilled by the traditional recycling 
method. 

Landfilling of the fluff represents a significant cost to the metal recovery 
process and wastes valuable resources. Argonne National Laboratory has de- 
veloped and patented (8) a process to recover acrylonitrile-styrene-butadiene 
(ABS) and high-impact polystyrene (HIPS), at high purity, from appliance 
shredder fluff. Process development and commercial demonstration are being 
conducted by Argonne in cooperation with Appliance Recycling Center of 
America. 
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Technology Description 

A schematic of the appliance recycling concept appears in Fig. 4. Obsolete ap- 
pliances that cannot be recoiiditioned for resale are partially disassembled in 
a production-line operation, Hazardous materials, such as polychlorinated 
biphenals (PCBs) (from old electronic equipment), mercury switches, and re- 
frigerants, are removed. The refrigerants are redistilled to meet original spec- 
ifications and sold for reuse, Mercury switches and PCBs are disposed of as 
hazardous waste. 

The appliance hulks are then shredded in a hammermill. Ferrous metals are 
recovered by magnetic separation, and nonferrous metals are recovered by 
eddy-current separation. Fines and foam (fluff) are removed by air classifica- 
tion. The remaining fraction, constituting about 9% of the original total appli- 
ance weight, is fed to the plastics-separation process. 

The mixed-plastic feedstock, containing approximately 73 wt.% ABS, 12 
wt.% HIPS, 6 wt.% light materials, and 9 wt.% heavies, is granulated to a con- 
sistent particle size of about 0.6 cm. The grinding process facilitates the com- 
plete liberation of rigid foam from refrigerator plastic-liner materials. The ma- 
terial exiting the granulator is slurried with water and surfactant and pumped 
to the first-stage density separation tank. In this tank, maintained at a specific 

-- 
Appliance 
Dismantling 

Refrigemnts 
for Becycling, 
PCBs, Mercury 
Switches for Disposal 

Materials Mixed 
Recovery 

Magnetic 
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Eddy 
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Ferrous Metals, 
Fines and Lights, and 

Fresh Water Waste Lights, 
and Surfactant Foam, Solution Product 
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Froth ABS Product 

Flotation Density 
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Washing 
and Density 
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Waste Water Waste Heavies, 
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FIG. 4. Schematic diagram of the obsolete appliance recycling process. 
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gravity of 1 .O, the light components (including PP, PE, and rigid foams) float 
to the top and are separated for disposal. The heavier plastics, including ABS 
and HIPS, which sink in the separation tank, are also washed in the process. 
Water and surfactant, with a small purge for quality control, are filtered to re- 
move dirt and recycled. 

The bottom slurry from the first-stage separator is dewatered and reslurried 
with a brine solution at a specific gravity of 1.11. The effluent slurry is 
pumped to the second-stage density-separation tank, where the heavies sink 
and the ABS and HIPS particles float. The heavies are dewatered for solid- 
waste disposal. The mixed ABS/HIPS fraction is washed, dewatered, and fed 
to the final stage of separation. The brine solution is recovered for internal re- 
cycle. 

Because ABS and HIPS have essentially the same density (specific gravi- 
ties of 1.045-1.15), they cannot be separated by traditional sink-float tech- 
nology. Effective separation requires a froth flotation process, which can sep- 
arate the two materials on the basis of their respective hydrophilic/phobic 
characteristics. In the froth flotation separation tank, the HIPS surface is mod- 
ified by a proprietary solution that causes the HIPS to float and separate from 
the ABS, which sinks. High-purity ABS is recovered by a single froth flota- 
tion separation followed by washing and drying. The recovery of a high-pu- 
rity HIPS product requires a second froth flotation stage. The product poly- 
mers are dewatered, washed, and dried. The proprietary solutions and rinse 
waters are internally recycled. 

Process Economics 

The ABS/HIPS recovery process is expected to be highly profitable, as shown 
by the economics summarized in Table 2. These figures were derived for a 
plant capacity of 450 kgh  mixed-plastics feed, operating for 8 h/day and 300 
daydyear. Given appliances with an average weight of 68 kg, of which 9 
wt.% is mixed plastics, the annual plant capacity for obsolete appliances 
would equate to 180,000 unitdyear. The production capacity of the plant 
would be 760 tondyear of ABS and 110 tons/year of HIPS. 

The market price for virgin ABS is $1500-$2200/ton, and for virgin HIPS, 
it is $900-$1100/ton. Our economics are based on recovered ABS and HIPS 
prices of $880/ton and $440/ton, respectively. However, our market research 
suggests that the quality of the recovered ABS and HIPS could potentially 
command a higher price if they are marketed for refrigeratodfreezer liner, 
electronic housing, or small-appliance applications. The key to attaining a high 
price for the ABS and HIPS products is recovering them at greater than 99% 
purity. ABS and HIPS are not compatible, and the presence of small quantities 
of one in the other can result in a significant degradation of properties. 
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TABLE 2 
Process Economics (Annual Basis) for ABS and HIPS 

Recovery from Obsolete Appliances 

Revenues, $thousandyear 
ABS ($880/ton ABS) 
HIPS ($440/ton HIPS) 

Total revenues 

Operating Costs, $thousand/year 
Feedstock (credit for avoided disposal) 
Chemicals 
Waste disposal 
Utilities 
Labor 
Maintenance 

Total operating costs 

Net Income, $thousand/year 
Capital Cost, $thousand 

672.0 
48.0 

720.0 

-24.0 
133.4 

4.8 
39.6 

115.2 
17.5 

286.5 

433.5 
500.0 

Note: 1900 tons/year mixed-plastics feed (approximately 
180,000 appliances/year); operation 300 daydyear, 8 h/day. 

Labor and chemicals (makeup for losses of separation solutions) are the 
major operating-cost components for the process. The process contains no 
unique or highly expensive equipment; hence, cost and manpower require- 
ments for operations and maintenance should not be exceptional. 

StatudFuture Research 

The density and froth flotation processes have been demonstrated in batch- 
scale tests, producing nearly 300 kg of product with a greater than 99.5 wt.% 
ABS content. The recovered material met the specifications of the ABS recy- 
cle market. A pilot-scale demonstration unit with a design capacity of 0.5 
tonsh mixed-plastics feed has been built and is being operated at the Appli- 
ance Recycling Center of America’s plant in Minneapolis, MN. 

Research activities will focus on improving the efficiency of the separation 
processes and identifying cost-effective methods to improve the quality and, 
consequently, market value, of the ABS and HIPS recovered from obsolete 
appliances. 

Research is ongoing to apply this technology to other plastics wastes 
streams. 
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CONCLUDING REMARKS 

Almost all materials are recyclable. They are not recycled because either a 
market for the material is not well defined and/or a cost-effective process for 
recovering the material in a form that meets the needs of the market is not 
available. To be sustainable, the overall mechanism of collecting, sorting, re- 
covering, processing, and use of scrap materials in the production of new 
products must provide a sufficient economic incentive to those firms involved 
in the recovery and supply of the material and to those firms that will use the 
material. 

At Argonne, we are working with industry to develop processes involving 
novel separation technologies that will conserve energy, reduce wastes, and 
promote sustainable development. We have focused our efforts on developing 
cost-effective processes for recovery of high-quality scrap materials from a 
variety of waste streams. 
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POLYMER-PLASTICS TECHNOLOGY AND ENGINEERING 

INSTRUCTIONS TO AUTHORS 

Aims and Scope. The journal Polymer-Plastics Technology and Engineering 
will provide a forum for the prompt publication of peer-reviewed, English lan- 
guage articles such as state-of-the-art reviews, full research papers, reports, 
notes/communications, and letters on all aspects of polymer and plastics technol- 
ogy that are industrial, semi-commercial, andor research oriented. Some exam- 
ples of the topics covered are specialty polymers (functional polymers, liquid 
crystalline polymers, conducting polymers, thermally stable polymers, and pho- 
toactive polymers), engineering polymers (polymer composites, polymer blends, 
fiber forming polymers, polymer membranes, pre-ceramics, and reactive process- 
ing), biomaterials (bio-polymers, biodegradable polymers, biomedical plastics), 
applications of polymers (construction plastics materials, electronics and commu- 
nications, leather and allied areas, surface coatings, packaging, and automobile), 
and other areas (non-solution based polymerization processes, biodegradable 
plastics, environmentally friendly polymers, recycling of plastics, advanced ma- 
terials, polymer plastics degradation and stabilization, natural, synthetic and graft 
polymerdcopolymers, macromolecular metal complexes, catalysts for producing 
ultra-narrow molecular weight distribution polymers, structure property relations, 
reactor design and catalyst technology for compositional control of polymers, ad- 
vanced manufacturing techniques and equipment, plastics processing, testing and 
characterization, analytical tools for characterizing molecular properties and other 
timely subjects). 

Submission. Manuscripts in triplicate (please provide your fax number and 
e-mail address) should be submitted to the Editor at the following address: 

Dr. Munmaya K. Mishra 
P.O. Box 5806 

Glen Allen, VA 23058-5806, USA 

E-mail: 75 1-5990@mcimail.com 

If you plan to send your manuscript via any courier service, please use the fol- 
lowing address: Dr. Munmaya K. Mishra, Ethyl Corporation, R d D, 500 Spring 
Street, Richmond, VA 23218-2158, USA; Tel.: 1-804-788-5323. 

F a :  1-804-364-2810 

Please note that if your contribution is acceptable for publication, you will be 
requested to submit an electronic copy (diskette) of your manuscript. This allows 
a substantial decrease in production time and ensures that there are no re-keying 
errors in the article. Please note that once you submit the final copy on diskette, 
after all revisions, you will not receive proofs since manuscripts will be printed di- 

mailto:1-5990@mcimail.com


rectly from the electronic copy (after appropriate formatting) and no further edit- 
ing will be done. 

All contributions will be evaluated by at least two independent referees. Sub- 
mission of a manuscript implies that the work therein has not been published pre- 
viously and is not under consideration for publication elsewhere in any medium. 
Authors are solely responsible for the factual accuracy of their papers. 

Typing of Manuscript. Manuscripts (including captions, footnotes, and refer- 
ences) must be in English and should be typed double-spaced throughout on only 
one side of 8.5” X 11” or A4 sheets leaving at least 1” margins on all sides. The 
first page should contain only (1) the title, the name(s), and address(es) of the au- 
thor(s), (2) a short title, (3) name, address, fax number, and e-mail of the author to 
whom correspondence should be sent. An ABSTRACT (up to 250 words) typed 
double-spaced on a separate page, defining the scope and major conclusions of the 
work, should precede the main text. The manuscript must also contain a CON- 
CLUSION section. 

Key Words. Two lines below the abstract, list four to eight key words that will 
help in computer searches and indexing. 

follow the International System of Units (SI). 

Tables and Illustrations. Tables should be given short informative titles and 
should be numbered consecutively in Arabic numerals. Tables may be repro- 
duced by photo-offset, i.e., directly from the typed manuscript. Figures in a form 
suitable for reproduction should be submitted separately from the text as original 
drawings or as high contrast, unmounted photographs on glossy paper. Lettering 
on figures should be proportional to the size of the figure to ensure legibility after 
reduction. Use scale bars on micrographs. Please write the illustration number 
and author’s name in pencil on the reverse of each illustration. All chemical struc- 
tures should be supplied as artwork suitable for direct reproduction. All figures 
and tables should be cited consecutively in the text and a list of captions should be 
provided at the end of the paper. 

References. The references should be cited in the text in a sequential manner 
and the reference numbers should be in parentheses “( 1)” [no superscripts or sub- 
scripts]. A list of references should be attached on a separate page at the end of 
the text in the numerical order. Please model your references according to the 
style of the samples below. References to journals should be given in this order: 
Initials and last name(s) of author(s), standard abbreviated title of periodical (ital- 
icized), volume number (underlined), issue number, only if applicable, in paren- 
theses, first relevant page, year of publication in parentheses, e.g.: 

1. 

References to an authored book, an edited book, and a paper in an edited book 
should be listed according to the following style, respectively: 

Units of Measure. Units of measurement, abbreviations, and symbols should 

M. K. Mishra, Macromolecules, 29,5228 (1996). 



2. 

3. 

4. 

J. M. Dealy and K. F. Wissbrun, Melt Rheology and Its Role in Plastics Pro- 
cessing, Chapman & Hall, London, p. 84-89 (1995). 
M. K. Mishra, 0. Nuyken, S. Kobayashi, Y. Yagci, and B. Sar (eds.), Macro- 
molecular Engineering: Recent Advances, Plenum Press, New York (1995). 
H. Ritter, in Functional Polymers, R. Arshady (ed.), pp. 103-1 13. American 
Chemical Society, Washington, DC (1996). 

If a publication is in press, the reference should be made as complete as possible, 
e.g., by stating the name of the journal and adding “in press.” 

Copyrighted Material. Each figure or table taken from a copyrighted source 
requires a letter from the copyright holder (generally the publisher) granting per- 
mission to reproduce it. A credit line acknowledging the source must accompany 
each table and figure being reproduced. Credit lines should also be used for pub- 
lished material which has not been copyrighted, such as US government publica- 
tions. 

Reprints. The corresponding author of each article will receive 20 free 
reprints of their article. Additional reprints are available in quantities of 50 or 100 
and multiples thereof. Prices apply to orders received before the journal goes to 
press. An order form must be filled out with complete “ship to” instructions and 
received prior to publication in order to receive your gratis reprints. 

Electronic Submission. Authors are requested to also submit the final 
manuscript in the form of a 3l/; disk (PC-compatible preferred) containing the 
complete manuscript in Microsoft Word for Windows or Wordperfect. Text (in- 
cluding tables) and figures (if in electronic format) should be saved in separate 
files on the disk. Label the disk with the authors’ last names, title of article, ab- 
breviated Journal name, and date. Original figures should be submitted with the 
final, revised manuscript even if art is submitted electronically. Please provide a 
list of the software programs used for the art and the text and the file names on the 
disk. Package the disk in a disk mailer or protective cardboard. 



uevetou stronaer. more reWk ceramic , . I FINE CERAMIC FISEES structuks for  (I wide variety of industrial 
applicationsfor use up to very high 

temperatures with.. . 

I 
edited by @THONY R BUNSELL and MARIE-HlhkNE BERGER, 1 

I Ecole Nationale Sypirieum des Mines de Paris. Evry, France 
I 

his unique reference presents the most recent techniques for the manufacture 
- a n d  the mast recent research on the behivior-f high performance 
flexible ceramic fibers used to develop structural materials for applications 
up to very high temperatures, allowing the optimization of ceramic compos- 
ites in jet engine components, heat exchangers, refractory insulators, 
and other components. 

Demonstrating the physicochemical processes that govern behavior up to high 
temperatures of ceramic reinforcewnts under stress, and detailing both apparent 
limitations and the exciting possibilities for further research, Fine Ceramic Fibers 
0 describes fibers based on aluminosilicates, a-alumina, mullite, and silicon 

carbide, as well as filaments such as continuous monocrystals and extremely 
fme “whiskers” 

0 reveals the properties of the filaments at high temperatures and analyzes the 
intimate relationships between the mechanical behavior and the microstructure 
down to the atomic level 

0 shows how the scatter of fiber properties can be treated statistically 
0 illustrates sol-gel processes for manufacturing high-temperature ceramics, 

0 reviews production processes of polycrystalline, alumina-based fibers such as 

0 details the chemistry of the polymer precursors such as polycarbosilane, 

0 explains cross-linking processes used with organosilicon precursors 
0 describes the production, microstructures, and properties of all commercially 

including spinning, drying, and ceramization 

Saftil, Altex, Fiber FP, PRD-166, and the Nextel series of fibers 

polytitanocarbosilane, and polysilazane used for the manufacture of silicon 
carbide and silicon nitride fibers 

available tine S ic  fibers, such as the Nicalon and Tyranno fiber series and the 
latest stoichiometric fibers 

CONTENTS 
Fine Ceramic Fibers 

Anthohy R. Bumell. Marie-Hiline Ber 
and Anthony Kelly 

Chemistry and Manufacture of 
Alumina and Aluminosilicate Fibers 

Properties and Microstructures of Small 
Diameter Alumina-Based Fibers 

Marie-Hihe Berger, Valirie Luvaste 
and Anthony R. Bunsell 

Richard .I. P. Emley  

Michael David Tqlor 

Precursor Routes to Ceramic Fibers 

Ceramic Fibers from Polymer 
Precursors 

Masaki Narisawa, Toshio Shimoo, 
Kiyohito Oknrmrra, Masaki Sugimoro, 
and Taaho Seguchi 

Properties and Microstructures of Small 
Diameter Sic-Based Fibers 

Marie-HdlPne Berger, Nicolas Hochet 
and Anthony R.  Bunsell 

Tks bok  u printed on ond-/ee w ~ y ‘  

xplores complex wramit F microstructures down tc  
L t n e  atomic level! 0 proposes avenues of research to funher improve the high temperdture 

performance of the fibers and how an ideal fiber may be developed 
0 and much more! 

Containing over 600 references, tables, and drawings, and photographs-including 
almost 90 state-of-the-art micrographs-this useful compendium is indispens- 
able for materials scientists; polymer, plastics, manufacturing, composite, and 
ceramics engineers; physical, surface, and colloid chemists; engineers in the 
aerospace and energy conversion industries; and upper-level undergraduate and 
graduate students in these disciplines. 

MARCEL DEKKER, INC. 
270 MADISON AYENUE, NEW YORK, N Y  10016 
212-696-9000 
HUTGASSE 4 POSTFACH 812. CH-4001 BASEL, SWITZERLAND 
061-261-848’2 
our website at www.dekker.com 

http://www.dekker.com


Of related interest. 
__._ ~ - _ _  . 

hNDBOOK OF 
IBER CHEMISTRY i 
k d  Eition, Re&d and Expanded 
national Fiber Science and Technology SeneS/lS) 

xi by 
N4CHEM LEWIN, Hebrew University of Jerusalem. Israel 
Polyrechnic University, Brmklyn. New York 
[ M. PEARCE, Polyrechnic University. Bmklyn. New York 

a old and trusty friend, winning its place in the handiest 
shelf onsheer merit.... 
his hefty volume offers a world of surprises in its compass, 
s well worth the money to mill labs." -Textile Asia 

vould make a very good addition to the reference section of 
x or polymer library." --Polymer News 

INTENTS 
:ster Fibers 
?. Mctntyre 
imide Fibers 
rberr K. Reimschuessel 
xopylene Fibers 
n.in Wishman and Gerald E. Hagkr 

I Fibers 
iro Sakurada and Takuji Okaya 
and Related Mammalian Fibers 

,lie N. Jones. Donald E. Rivett, and 
ryl J .  Tucker 
Composition, Structure, and Properties 
'h M. Robson 

CORROSION OF 
C€RAMICS 

-. __ -1 

(Corrosion Technology Sene$') 

RONALD A. McCAULEY, Rurgers University, 
Piscamwv. New Jersev I 
Discusses a wide range of ceramic materials and corrosive envi- 
ronments. Provides engineers and scientists working with ceram- 
ics with the information necessary to explain existing ceramic 
corrosion problems and create the most corrosion-resistant 
system possible. 

CONTENTS 
Introduction 
Fundamentals 
Methods of Corrosion Analysis 
Test Corrosion Procedures 
Corrosion of Specific 

Crystalline Materials 

Corrosion of Specific Glassy 

Properties and Corrosion 
Methods to Mini& Corrosion 
Glossary of Terms 
Epilogue 

Materials 

P Please send me copy(ies) of Finc Ce& Fibers (ISBN 0-8247- 
195 14) edited by Anthony R. Bunsell and Marie-H6lh Berger at S150.00 
pcr volume 

0 Pleare send me copy(ies) of the Ha"k of Fth Cheurtr~ ,  
Second E d "  (ISBN 0-8247 9471-0) edited by MenadKm Lewm and 
Eli M Pea= at $215 00 per volume 

9448-6) by Ronald A McCauley pt $143 M per volume 

md Kenaf 
:er M Rowel1 and Harry P Stout 

Long Vegetable Abaca, Banana, s'sal* 0 pl- send me copy(ies) of C-" ofce- (ISBN 0-8247- 
Ramie, Hemp, Sunn, and Coir 

F ~ ~ O S A  c a d  plsrw .dd us0 fa- ndhndln~prrolunc; o n e  & d a i y n m  ihash K Batra 
In Fibers 

' Nevell. D P Thrbodeam, E J Blanchard. T A Calamri, I ew'cse '" * Of check Omoney Order ' Tnplen' 'w* Goynes' 0 Vis4 D MasterCard. EuroCard. Access U Am Exp U Dmer's Club W E Franklm. R M Rernhardt, and T L vino 

p " 0 I Y m C  fn,"iur~w,"e' Am I5 0ofa-gem.i h"gpr"dLm (m n_ b e e )  

Wakelyn. N R Bertonrere. A D French, S H Zeronran, 

n Fibers 
'n Dyer and George C. Dad 
lose Acetate and Tnacetate Fibers 
wy W. Steinmann 
IC Fibers 
ce G. Rushour and R a y "  S Kmrr 

IrCnditGardmd 

M1 TOU-FREE 1-800-228-11 
oa.+ri., 830 a.m. to 
FAX your order to 914-7s-inz 

pm. (rsr) 

Card No Exp. D e  

sgna1ure 

Pleav bill my company PO No. 

P Pkaw %end me a pro forma mvoice. includrng shipping and handling charges 

Name 

Address 

I-, h stgmdfn rrrdlr mrd loynnr) 



(Plastics Engineering Seried51) 

edited by 
llWJ" 6. wwl 
Technical Producf Maria er 
pol mpylene ~ r~duc t s ,  #Gnofi/, Inc.. 
eri&on. Michfgan 
March, 1999 I576 pages, iUustratcd 
ISBN. 0-8247-1949-2 I6195.00 

Keying on up-to-the-minute developments in interphase 
technology, the Handbook of Polypropylene and  
Polypropylene Composites presents the exciting possi- 
bilities of new catalyst systems for manufacturing 
more durable thermoplastics, and details the use of 
additives that promote impact resistance, controlled 
rheology, thermal stability, and other desirable 
characteristics of the polymer matrix. 

A superb collection of contributions from internationally 
esteemed experts in plastics engineering, the Handbook 
of Polypropylene and Porypropylene Composites 
.E. illustrates the behavior of the interphase region-the 

polymeric coating of any type of dispersed particulate 
incorporated in the polymer matrix-composed of 
materials such as mineral filler particles and glass fibers 

t reviews the cument technology of polypropylene 
resin manufacture and new methods of modifying 
its microstructure with various additives 

thermal a n d F c a l  behavior in polypropylene- 
based comp6s tes 

polypropylene composites capable of withstanding 
heat to 15093 and cold to - 4 0 T  

Q describes materials that contribute best to suitable 

d demonstrates how chemical coupling can make 

I 

C O N T E N T S  
Gnnvth of Polypropylene Usage as a Cost-Effective 

Polypropylene: Structure, Properties. Manufac- 
Rcplscement of EngineRing polymers. Mkhdl .  &low 

turing Processes, and Applications. 
Wllllam I .  K h l .  lames H. Han. and leffrey A. Meyer 

Polypropylene Composites. Roberi C. Constable 
Stabilization of Flame-Retarded Polypropylene, 

Roberl E. Lee. Donald Hallenbeck. and lane Llkens 
Recycling of Polypropylene and Its Blends: 

Economic and Technology Aspects, 
Akln A. Adewole and Mlchael 0. Wolkowlcz 

and Composites, loseflancar 

Modifiers, nomos C. Yu ond Donald K. Mefzler 

~ G n Q l i n g ~ f o r N * d a n d c h s s R r i n L a e e d  

Impact Behavior of Polypropylene and Its Blends 

Metallocene Plastomers a s  Polypropylene Impact 

Talc in Polypropylene. William P. SIeen 
Glass Fiber-Reinforced Polypropylene. Philip E Chu 
Functionaiization and Compounding of Polypmpy- 

lene Using 'nvin-Screw Extruders, 
Thomas F. tiash and HaNlun G. Karian 

Composites, Ioseflancar 

Fibers, HoNtun G. Karian 

Behavior for Glass Fiber-Reinforced Polypropylene. 
La E. Campbell 

Mica Reinforcement of Polypropylene, *A. Canow 
nlr bmlr !3 prl"id 0" aMfm pap, 

Engineered Interphases in Polypropylene 

MegaCoupled Polypropylene Composites of Glass 

Characterization of Long-Term CreepFarigue 

d discusses promising applications of Interphase 
design such as glass fiber-reinforced polypropylene 
(GFRF') and mega-coupled type chemical coupling 

3 explores the characterization of long-term creep-fatigue 
behavior as a means of estimating service lifetime of 
thermoplastic components 

Sand  morel 

Employing the novel strategy of mirroring its content in 
its format-by arranging chapters as metaphorical ingre- 
dients of the formulation of a polypropylene composite 
- t h i s  cutting-edge reference contains information and 
analysis vital to breakthroughs in plastics technology. 
The Handbook of Polypropylene and Polypropylene 
Composites is an invaluable resource for plastics, 
chemical, design, process, manufacturing. and technical 
service engineers; materials xie  
and upper-level undergraduate 
in these disciplines. 

POLYPROPYLEWE 

POLYPROPYLEWE 

MARCEL 
DEKKER, 
INC. 
270 MADISON 
AVENUE, NEW YORK, 
NY 10016 
2 12-696-9oOO 
HUTGASSE 4, 
POSTFACH 812. 
CH-4001 BASEL. 
SWITZERLAND 
061-261-8482 
Visit our website at 
www.dekker.com 

http://www.dekker.com


,/so in the Plastics Engineering Seri es... 

PWSTICS TECHNOLOGY 
HANDBOOK 
rhird Edition, Revised and Expanded 

WlAS cHl\nDIL 
Indian lnstitule ofkience, Bangalore, lndia 
SAUL K. ROY. 
National University of Singapre, Singapre 

1214 pages, illustrated I 
ISBN: 0-8247-0066-X I$250.00 

i 

1 *...usef!l as an introductory text for polymers- , synthesis. characterization, and processing .... well 
written and easily understandable .... recom- 

1 mend[ed]." -PolymerNews 

&...excellent updating and expansion." 
4 E E E  Electrical Insulalion Magazlne 

e.. provides a broad overview of plastic materials, 
methods of manufacturing and testing, and 
applications .... 
Y...ambitious...covers this wide subject well. The 
material ... is cohesive .... a state-of-the-art summa- 
ry in the plastics field." -Medical Device Technology 

*...a fine general encyclopedia of polymeric 
materials, their technology and environment ... ! extremely Useful.* 4epJnfarm 

C O N T E N T S  
Characteristics of Polymers 
Fabrication Processes 
Plastics Properties and Testing 
Industrial Polymers 
Polymers in Special Uses 
Recycling of Polymers 
Wnds in Polymer Applications 
Appendixes 

Mon..M., am. to 
5d p.m. (EST) 
ar FAXw a r k  lo 
)167961772 

by Ocheck Omoneyorder 

EumCard. Access 0Am.Exp.~ 0 Diner% Club 
SAlComdoI South America 

Montidlo. NY 12701-5185 * Toll-Free I-8oLF228-116O/Fu: 

u m p l  A/r lul  Mddk E'nsll For E a l l  Aurmflal IndW Chlm 
MARCEL DEKKER AG, Hutgavr 4. ponfach 812, C H m I  
Barel. Swimertand - Tel.: +4141-261-8482/ 

Exp. Date 

1m-I kr$nd Iw 0-d 'tmnlFawm0 
1-914-7961772 /€-Mall: bookordem@d&ker.com signature 

Pkase bill my company: P.O. No. 

0 P b  send me a pm forma inwlce. Including shlwng and handllng charges. 

farNe.039910 p.lntr0 in USA 

mailto:bookordem@d&ker.com


C h e  the besr up-to-date metbodr f i  eualwtring a vast range o j  
pdv"kmalerialswitb... 

i IcJ Contents 
editedby 
ROGER BROWN, 

December, 1998 
880 pages, illustrated 
ISBN: 0-8247-0171-2 
$225.00 

in a mgk wlume- 

mg the physical propelties of polymers 
Features complee coverage of mecbanical, optical, 
electrical, and tbennaCppt&! 
Analyzing awide my of p h p i d  parameters, the Hadmok of 
Pol' Testing 
+ highlights all the main polymer classes--including rubbeq 

+ includes standardized adhesion tests for solid polymers 

4 oovers resistance to degradation, nondestructive testing, and tests 

4 presents the fundamental principles regulating each pmper~~ 
+ clarifies international and English-language standards 

4 compares appmaches to h g  in &rent b r a "  of the 

4 and more! 

Gnnplete with ow 2350 refer", tables, equations, drawing, and 
photographs, the Handbook of Poljmer Testing is an indis- 
pensable reference for plastiq polymer, chemical, and design engi- 
wrs; polymer and materials xientisb; polymer phpcisb; polymer 
teduwlogists; and upper-lewl undergraduate and graduate students in 
these disciplines. 

plastics, foams, textiles, coated fabric,, and composites 

adhd to rigid and flexible substrates 

for prwzssability 

for different polymer classg 

polymer indushy 

Intmduction, Roger Brown 
Putting Testing in Perspeetiw, IvanJam 
Quality 
standardization, Paul I! M 
Sample Preparation, Fr- B o q  
conditonin& Stah? Hmoley 
Mag, Density, and Dimensions, Roger Brawn 
Pmability TescF,@?~ LWk rmdM& Gale 
Strength and StiRnen Fqerties, Roger Brown 
Fatigue and Wear, Roger 5mwn 
TiLkpndenI Properties, Roger Brown 
F.fecI of Temperature, Roger Brown 
Envimnmental Resistance, Roger Brown 
Other Physical Propertie, Roger Brown 
Testing of Rubber, Peter Lm& 
Particular Requirements for Plastics, sieve Hm@ 
Cellular Materials, Ken Hi& 
Particular Requirements for Composites, crabam D. sims 
Textile Polymers, Frunk B m " f  
Coatfd Fabric,, Barry Evans 
Dynamic Mechanical ("Id) Andysis,jobn ceming 
F ~ M e c h a n i ~ ~ ~ , M ~ a A k a y  
Friction, ImJam 

of Phpical Tesbhg Me-ents, Alan I 

"al Properties, aavidH& 
Eledrical Properties, Cydeany 
Optical Properties, Roger Brawn 
Testing far Fire, hWb Paul 
Weathering, Die& h?xko# 
t i f e w  Prediction, Roger Bmwn 
Permeability, W H &  
Adhesion, Roger Brown 
"tiw?Mng,XavierE Gmr 
7&tuatbpkhfon*#$m 

Y A I C I L  MARCEL DEKKER, INC. 
270 MALSISX AVZNW NEW YORK, NY 10016 212-6%-9000 m H " E  4, POslrrMH 812. C H m I  ELwL, 061-261%182 

D E  K E Visit our website at www.dekker.com 

http://www.dekker.com


P0LYM.-PLAST. TECHNOL. ENG., 38(3), (1999) 

CONTENTS (continued) 

6. BHAT, V. NARAYANAN, L. WADSWORTH, AND M. DEVER: 
Conversion of Recycled PolymersRibers into 
Melt-Blown Nonwovens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  499 

A. M. Konr-: Woodlike Properties from Carpet and Textile 
Fibrous Waste: Mitigating the Coming Landfill Crisis . . . . . . . . . . . .  513 

Y. WANG: Utilization of Recycled Carpet Waste Fibers €or 
Reinforcement of Concrete and Soil . . . . . . . . . . . . . . . . . . . . . . . . . .  533 

M. J. REALFF, J. C. AMMONS, AND D. NEWTON: Carpet 
Recycling: Determining the Reverse Production 
SystemDesign . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  547 

E. J. DANIELS: Advanced Process Research and Development 
to Enhance Materials Recycling . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  569 





POLYMER-PLASTICS TECHNOLOGY AND ENGINEERING 

Volume 38 Number 3 1999 

Special Issue on 
Polymer and Fiber Recycling 

CONTENTS OF THIS ISSUE 

Contributors to This Issue. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  vii 

R. S .  STEW: Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ix 

S .  K m :  Plastics, Rubbers, and Textiles in Municipal 
Solid Waste in the United States . . . . . . . . . . . . . . . . . . . . . . . . . . . .  401 

A. T. GRIFFITH, Y. PARK, m ” C .  B. ROBERTS: Separation and 
Recovery of Nylon from Carpet Waste Using a 
Supercritical Fluid Antisolvent Technique ..................... 41 1 

E. KARMANA, S .  WON, AND R. ENICK: Carbon-Dioxide-Based 
Microsortation of Postconsumer Polyolefins and Its Effect on 
Polyolefin Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  433 

K. KHAIT AND J. M. TORKELSON: Solid-state Shear Pulverization 
of Plastics: A Green Recycling Process ....................... 445 

M. B. POLK, L. L. LEBOEUF, M. SHAH, C.-Y. WON, X. Hu, 
AND W. DING: Nylon 66, Nylon 46, and PET Phase-Transfer- 
Catalyzed Alkaline Depolymerization at Atmospheric Pressure . . . . .  459 

M. BRAUN, A. B. LEVY, AND S .  SENADFS: Recycling Nylon 6 
Carpet to Caprolactam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  47 1 

Y. ZHANG, J. D. MVZZY, AND S .  KUMAR: Recycling Carpet Waste 
by Injection and Compression Molding ....................... 485 

(continued on inside back cover) 

M A R C E L  

MARCEL DEKXER, INC. NEW YORK BASEL 
Contributions to this joumal are published free of charge 




	S M Sangineni M S Thesis Texas A&M University
	gia Institute of Technology May
	parel Carpet and Textile Industry CCACTI),

