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ABSTRACT: Composite materials were prepared utilizing whole carpet and LDPE. The
addition of compatibilizers during processing was shown to provide an improvement in
the mechanical performance of such materials. It is believed that the addition of a
reactive compatibilizer to the system increases both the compatibility between compo-
nents of the composite material and interfacial interactions, through chemical reactions
between functional groups on the compatibilizer and the surface of the carpet fibers
under the processing conditions. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 81:
3178–3185, 2001
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INTRODUCTION

Waste fibers from the textile industry represent
an environmental challenge considering that
annually 2 billion kilograms of carpet is re-
moved from homes and businesses in the
United States alone, and 16 million kilograms
of additional carpet waste is generated from
carpet manufacture and laying.1 The clothing
industry also adds to this problem, with mil-
lions of kilograms of waste textiles generated
from garment manufacture each year.2,3 Unfor-
tunately, 80% of textile waste is disposed to
landfills, with the remainder recycled into prod-
ucts requiring low-performance characteristics
such as soundproofing, padding, and insulation.
This fact is somewhat surprising considering
that virgin textile fibers generally provide high-
performance characteristics and durability for
their intended application.

With the tightening of government regulations
regarding the use of landfills, new technologies

and processes are emerging to better utilize these
fibrous resources. Such technologies include depo-
lymerization of synthetic carpet fibers via hydro-
lysis4 or ammonolysis5,6 to recover valuable
monomers such as caprolactam. Following purifi-
cation, the monomers may be repolymerized to
form new polymers having similar performance
characteristics to those prepared from virgin
sources with a significant energy saving. Waste
carpet has also been investigated as a wood sub-
stitute similar to fibrous particleboard,2,3 for the
reinforcement of concrete and earth,7 and, re-
cently, the reuse of polypropylene carpet has been
investigated through injection-molding tech-
niques.1

In this study, an alternative approach for the
reuse of waste textiles was investigated whereby
carpet fibers were utilized to reinforce polyethyl-
ene. Such materials have the potential to be used
in the automotive and building industries. New
methodology for the processing of carpet-contain-
ing composites using conventional plastics pro-
cessing equipment was also developed. Such
methodology avoids the need for carpet shredding
and its associated problems of low bulk density
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and feeding difficulties onto the screw of process-
ing equipment.

It is well known that the addition of small
amounts of compatibilizers during the processing
of polymer blends or composites can improve the
performance of the resulting material.8–12 This
improvement occurs due to a reduction in inter-
facial tension and an increase in adhesion be-
tween the phases, which allows more efficient
stress transfer between the respective polymer
domains or across the fiber–matrix interface.8–12

Similarly, it was theorized that the addition of
certain additives/compatibilizers during the pro-
cessing of carpet fiber-reinforced polyethylene
would improve its mechanical properties. Any im-
provement in performance brought about by the
addition of such additives has the potential to
greatly increase the range of applications avail-
able to carpet fiber–polyolefin composite materi-
als.

EXPERIMENTAL

Materials

Low-density polyethylene (LDPE) of film-extru-
sion grade (LD4200) was obtained from Kemcor
(Melbourne, Australia). Recycled LDPE flakes
were obtained from waste-packaging material.
The carpet utilized in the trial contained ap-
proximately 50% w/w nylon 6,6 face fibers, an

SBR and calcium carbonate adhesive, and a jute
backing layer. All other chemicals including the
different compatibilizers were obtained from
the Aldrich Chemical Co. (Sidney, Australia).
An abbreviation and compositional list of the
compatibilizers trialed is provided in Table I.

Sample Preparation

Carpet squares (30 cm2 approximately) were cut
and laminated with recycled polyethylene in a
Pongrass 16-MPa press equipped with water-
cooled platens at 150°C. The laminated sheets
were then sliced using a guillotine and pelletized
using an Axxon AB pelletizer to obtain pellets of a
suitable dimensions for extrusion.

Compounding of the carpet fiber–LDPE com-
posite material was carried out on a single-
screw Axxon R40F bench-top extruder with a
vent stage using a 32 L:D ratio screw and the
temperature profile indicated in Table II. Addi-
tives, LDPE, and the pelletized carpet laminate
were dried at 60°C for at least 12 h and mixed
thoroughly prior to extrusion using a Bear plan-
etary mixer. The screw speed was set at 120
rpm, which correlated to a residence time of
approximately 2 min. A single-aperture string
die was utilized with the carpet composite
string pelletized following cooling in a water
bath. The temperature profile and residence
time was chosen to obtain an acceptable extru-
date without causing melting of the nylon face

Table I Chemical Composition of Compatibilizers Trialed

Code Compatibilizer Composition

PE-co-GMA Polyethylene-co-glycidylmethacrylate 8% wt GMA
PE-co-MA-co-GMA Polyethylene-co-methylacrylate-co-glycidyl

methacrylate
25% wt MA
8% wt GMA

PE-co-EA-co-MAh Polyethylene-co-ethylacrylate-co-maleic anhydride 9% wt EA
3% wt MAh

PE-g-MAh (1) Polyethylene-g-maleic anhydride 0.85% wt MAh
PE-g-MAh (2) Polyethylene-g-maleic anhydride 3% wt MAh

Table II Carpet Fiber–LDPE Composite Processing Conditions

Zone Hopper 2 3 4 5 Die

Temperature (°C) extruder 170 185 190 205 205 205
Temperature (°C) injection molder 190 200 200 200 200 70
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fibers or excessive decomposition of the jute
backing. These processing conditions were also
intended to allow sufficient time and tempera-
ture for chemical reactions to occur between
reactive functionalities on the carpet and com-
patibilizer if employed.

Tensile test specimens (ASTM D 638–97, type
1) were molded using an 80-tone Battenfeld injec-
tion molder (BA 800 CDC). The temperature pro-
file for molding is also provided in Table II. An
injection pressure of 1300 psi and a holding pres-
sure gradient between 1000 and 1100 psi was
used. The compounded samples were mixed thor-
oughly and dried at 60°C for at least 12 h in a
desiccated oven prior to molding.

Tensile Testing

Tensile testing was carried out using an Instron
tensile-testing apparatus (5565) utilizing a 5-kN
load cell according to the ASTM D 638–97 stan-

dard. A crosshead speed of 50 mm/min was used
for all specimens employing an external exten-
someter with a minima of six specimens tested
per sample. Ultimate tensile strength, elongation
at break, and tensile modulus values were re-
corded and calculated. Specific tensile energy val-
ues for the composite materials, being derived
from integration over the entire stress-versus-
strain curve, are also shown. Composite density
values were obtained by employing the ASTM D
792–91 test method for the density and specific
gravity of plastics.

Scanning Electron Microscopy (SEM) and High-
temperature Gel Permeation Chromatography
(HTGPC)

Micrographs were recorded on a Philips XL
30 field-emission SEM. The carbon-coated sam-
ples were analyzed at a working distance of

Figure 1 Variation in tensile modulus of carpet–
LDPE composites with percentage carpet.

Figure 2 Variation in specific tensile energy of car-
pet–LDPE composites with percentage carpet.

Figure 3 Variation in ultimate tensile strength of
carpet–LDPE composites with percentage carpet.

Figure 4 Variation in elongation at maximum load of
carpet–LDPE composites with percentage carpet.
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approximately 10 mm using an electron poten-
tial of 5 kV.

HTGPC was carried out using a Waters 150C
chromatograph. Duplicate samples were pre-
pared at a concentration of approximately 0.3%
w/v in trichlorobenzene and passed through a
bank of three 10 A Styragel HT columns at 140°C.
The change in the refractive index of the eluant
was recorded with the time.

RESULTS AND DISCUSSION

The variation in tensile properties with respect to
carpet-fiber loading is shown in Figures 1–4. In-
creasing the fiber loading increased the tensile
modulus from around 100 MPa for virgin LDPE to
350 MPa for samples containing 50% w/w carpet
fiber. However, this increase in stiffness was
achieved at the expense of the specific tensile
energy at break, with these values decreasing
from 0.038 J kg21 m23 for the matrix to 0.003 J
kg21 m23 for samples containing 50% carpet. A
reduction in the tensile strength, the elongation,
and, hence, the specific tensile energy at break of
the samples is not surprising considering that
75% of the mass of the carpet employed in the
trial was either nylon 6,6 or jute, which, itself, is
composed of mainly cellulose and hemicellulose.13

Comparing the highly polar chemical structure of
these fibers to that of polyethylene (PE) (Fig. 5)
would suggest that there is limited chemical com-
patibility between them. As such, the carpet fi-
bers merely act as a filler with little stress trans-
fer possible across the fiber–matrix interface ow-
ing to low levels of interfacial interactions
between the carpet fibers and the PE matrix.

Commercially available PE copolymers con-
taining ester, anhydride, and/or epoxy substitu-
ents were chosen as compatibilizers, since these
substituents are known to be reactive with nylon
chain ends and amide groups via exchange reac-
tions and with the hydroxyl groups associated
with cellulose-type structures (Fig. 6).8,14–16 Ini-
tially, the compatibilizers were screened for their
propensity to improve the performance of carpet
fiber-reinforced LDPE using a 5% w/w loading of
the compatibilizers (Table III). The impact of the
compatibilizers on the performance of the parent
matrix was also investigated, with the results
from this study presented in Table IV.

Composite materials that incorporated PE-g-
maleic anhydride (Mah) (1) were shown to pro-
vide a marked improvement in mechanical per-
formance compared with the other compatibiliz-
ers trialed. PE-g-MAh (2) gave much poorer
results in performance even though it had a
higher level of grafted MAh groups than had PE–
MAh (1) (3.0% compared with 0.85% w/w). Com-
posite materials containing the remaining types
of compatibilizers (PE-co-GMA, PE-co-MA-co-
GMA, and PE-co-EA-co-MAh) provided improve-
ments in tensile strength and strain values over
unmodified and PE-g-MAh (2), albeit less than
PE-g-MAh (1), their performance also not corre-
lating with the number of reactive functional
groups associated with their chemical structure.

HTGPC analysis of the compatibilizers (Fig. 7)
suggested that PE-g-MAh (2) had a significantly
lower molecular weight distribution compared
with the other copolymers, as indicated by its

Figure 5 Structures: (i) nylon 6,6; (ii) PE; (iii) cellu-
lose.

Figure 6 Schematic of one possible graft reaction between the nylon amine chain end
group and Mah-modified PE.

COMPOSITES PREPARED FROM WASTE TEXTILE FIBER 3181



longer retention time and, thus, smaller hydrody-
namic volume. The remaining compatibilizers
surveyed had broad molecular weight distribu-
tions similar in average hydrodynamic volume to
PE-g-MAh (1), which, itself, was smaller than was
the LDPE matrix used in the study. This reduced
molecular weight distribution explains the poor
performance of PE-MAh (2) as a compatibilizer,
since it limits the extent of attractive van der
Waals interactions and chain entanglements pos-
sible with the matrix once the compatibilizer has
reacted with the fiber surface. Hence, the
strength of the fiber–matrix linkage is reduced,
which results in poorer mechanical performance
of composite materials prepared with it compared
with PE-g-MAh (1).

The compatibilizers PE-co-GMA, PE-co-MA-co-
GMA, and PE-co-EA-co-MAh are highly function-
alized, containing between 8 and 33% reactive
monomer within their structures and, at a 5%
w/w loading, do not appear to have a detrimental
impact on the tensile properties of the virgin
LDPE matrix (Table IV). However, in a carpet
fiber-reinforced LDPE composite material, such

high levels of functionalization on the compatibi-
lizer backbone may result in it interacting
strongly with the carpet fibers, but not having
sufficient regions compatible with the LDPE ma-
trix to form a strong interfacial linkage. Such
behavior may explain the reduced mechanical
performance of these compatibilizers compared
with a carpet fiber–LDPE composite utilizing PE-
g-MAh (1), since less efficient stress transfer is
possible between the reinforcing fibers and the
matrix in these instances. Thus, lightly function-
alized PE-g-MAh (1) provided the best balance of
molecular weight distribution and functionality
in this study.

Figures 8–11 provide information pertaining
to the effects of fiber concentration and PE-g-MAh
(1) loading on the performance of the composite
material. In general, the addition of even small
quantities (1%) of the MAh compatibilizer in-
creased the performance of the carpet fiber-rein-
forced composite material in terms of ultimate
tensile strength, elongation at maximum load,
and specific tensile energy, although the tensile

Table III Variation in Tensile Performance of 30% Carpet Fiber-reinforced LDPE Composites
with the Addition of 5% w/w Compatibilizer

Sample
Tensile Modulusa

(MPa)
Specific Tensile Energya

(J kg21 m23 3 1023)
UTSa

(MPa)
Straina

(mm/mm)

Untreated 203 (5) 8.8 (0.6) 10.5 (0.1) 0.42 (0.02)
PE-co-GMA 200 (9) 10.8 (0.6) 14.0 (0.1) 0.45 (0.03)
PE-co-MA-co-GMA 172 (5) 8.5 (0.5) 10.0 (0.1) 0.42 (0.01)
PE-co-EA-co-MAh 188 (7) 10.4 (0.7) 12.9 (0.1) 0.45 (0.05)
PE-g-MAh (1) 221 (7) 14.3 (0.6) 16.6 (0.1) 0.55 (0.05)
PE-g-MAh (2) 206 (6) 8.4 (0.6) 12.7 (0.1) 0.36 (0.03)

a Standard deviation is provided in parentheses.

Table IV Variation in the Tensile Performance of LDPE with 5% w/w Compatibilizer

Sample
Tensile Modulusa

(MPa)
Specific Tensile Energya

(J kg21 m23 3 1023)
UTSa

(MPa)
Straina

(mm/mm)

Untreated 87.7 (1.9) 38.2 (0.5) 11.5 (0.1) 1.75 (0.03)
PE-co-GMA 83.5 (3.4) 39.9 (2.0) 11.4 (0.1) 1.93 (0.02)
PE-co-MA-co-GMA 80.0 (0.8) 38.5 (0.3) 11.2 (0.1) 1.72 (0.02)
PE-co-EA-co-MAh 82.2 (3.6) 38.3 (1.7) 11.4 (0.1) 1.71 (0.03)
PE-g-MAh-1 87.7 (3.5) 41.5 (1.3) 11.7 (0.1) 1.94 (0.01)
PE-g-MAh-2 83.8 (1.5) 36.5 (0.6) 11.1 (0.1) 1.64 (0.02)

a Standard deviation is provided in parentheses.
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modulus value was not significantly affected by
the addition of the compatibilizer.

In the case of ultimate tensile strength, the
addition of the PE-g-MAh (1) compatibilizer re-
versed the trend of decreasing performance
with increased fiber loading; as previously de-
scribed in the absence of the compatibilizer,
composite materials exceeded the ultimate ten-
sile strength of LDPE (12 MPa). Elongation-at-
break values were also improved with samples
containing 5% compatibilizer and a 50% fiber
loading, providing strain values comparable to
those of noncompatibilized samples with a 30%
fiber loading. These improvements in perfor-
mance may be explained in terms of a stronger
interfacial interaction between the matrix and
the fibers, resulting in better stress transfer
between them.10 –13 Indeed, increasing the level
of the compatibilizer improved the performance
of the material regardless of the fiber concen-
tration, as might be expected.

Figure 7 HTGPC chromatograms of LDPE and the
compatibilizers used to form carpet fiber–LDPE com-
posite materials.

Figure 8 Ultimate tensile strength of carpet fiber–
LDPE composite materials modified with various con-
centrations of PE-g-MAh (1).

Figure 9 Specific tensile energy of carpet fiber–
LDPE composite materials modified with various con-
centrations of PE-g-MAh (1).

Figure 10 Tensile modulus of carpet Fiber–LDPE
composite materials modified with various concentra-
tions of PE-g-MAh (1).
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SEM analysis of the specimens supported the
hypothesis of increased fiber–matrix interaction
with the addition of PE-g-MAh (1). Figure 12 pre-
sents the fracture surface of a noncompatibilized
30% carpet fiber–LDPE composite specimen fol-
lowing tensile testing. Closer inspection of a car-
pet-fiber bundle (Fig. 13) shows that fibers are
pulled away from the matrix, indicating little fi-
ber–matrix interaction. Conversely, SEM analy-
sis of samples containing the MAh compatibilizer
(Fig. 14) show that the LDPE matrix interacted
strongly with the fiber surface. Increased magni-
fication of the sample (Fig. 15) shows that the
LDPE matrix yielded under the tensile strain but
remained attached to the fiber surface through
fracture. The SEM results confirm that improved
interfacial compatibility and interactions re-
sulted from the addition of the compatibilizer.

CONCLUSIONS

A new process for the preparation of carpet fiber-
reinforced composite materials was reported us-
ing conventional plastics processing equipment.
The use of as little as 1% w/w of an MAh-modified
PE copolymer was shown to improve the tensile
properties of such materials as a result of in-
creased interfacial compatibility and enhanced
interfacial adhesion.

The authors wish to acknowledge John Ward, Mark
Greeves, and Limin Dong for assistance in the SEM
and HTGPC analyses, Mathew Partlett and Frankie
Chan for advice on processing of the composite sam-
ples, and Bianca McKechnie for obtaining the compos-
ite density values.

Figure 11 Elongation at break of carpet fiber–LDPE
composite materials modified with various concentra-
tions of PE-g-MAh (1).

Figure 12 Fracture surface of noncompatibilized car-
pet fiber–LDPE composite material (2503).

Figure 13 Fracture surface of noncompatibilized car-
pet fiber–LDPE composite material (15003).

Figure 14 Fracture surface of carpet fiber–LDPE
composite material with PE-g-MAh (1) (2003).
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