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ABSTRACT: The recycling process of postconsumer asep-
tic packaging composed of paper, low-density polyethylene
(LDPE), and aluminum consists of recovering paper, the
major component, through centrifugation. The remaining
mixture of LDPE and aluminum, a recycled composite called
PEAL, offers an interesting combination of properties, espe-
cially because of the presence of a small amount of poly(eth-
ylene-co-methacrylic acid (EMAA). In this work, this com-
posite is characterized, and the properties are compared
with those of pure LDPE and EMAA, the polymers that

constitute the recycled material. PEAL is around 15% alu-
minum particles with different shapes and sizes. The com-
posite presents higher thermooxidative stability, higher
crystallinity, lower impact resistance, and higher tensile
strength than the other olefin polymers. © 2006 Wiley Period-
icals, Inc. J Appl Polym Sci 101: 3183–3191, 2006
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INTRODUCTION

Plastic packaging, including flexible films and rigid
containers, has dominated the packaging field for a
long time and nowadays constitutes the major appli-
cations for plastic resins. Besides effective cost in com-
parison with other materials, plastics present optical
and barrier properties, density, and mechanical
strength suitable for guaranteeing high practicality
and quality and conservation of the product for a long
time, which is mandatory for food packaging. The
continuing development of new technology for plastic
packaging confirms that this tendency will be contin-
ued.1

The main resins used for packaging are low-density
polyethylene (LDPE), linear low-density polyethylene
(LLDPE), high-density polyethylene (HDPE), poly(vi-
nyl chloride), polypropylene, polystyrene, and poly-
(ethylene terephthalate).

Nowadays, besides single plastic containers, multi-
layer packaging is used for packing many different
goods, especially food products such as meat, vegeta-

bles, milk and its derivatives, and juices and also
cleaning products and medical-hospital devices. Most
multilayer packaging contains polyethylene and its
copolymers.2

Tetra Brik aseptic packaging, produced by Tetra Pak
and used for milk packing after ultrapasteurization, is
composed of three materials organized in six layers:
paper (75%), LDPE (20%), and aluminum (5%). Poly-
ethylene being an inert polymer, the adhesion of the
aluminum film to the plastic layer is achieved through
the introduction of a layer of an ethylene/methacrylic
acid copolymer [poly(ethylene-co-methacrylic acid
(EMAA)] with rheological properties similar to those
of LDPE. The structure of this random ethylene copol-
ymer is nonionized, and the comonomers are distrib-
uted in a nonspecific sequence along the chains.3

Besides being used as adhesion promoters in mul-
tilayer packaging, these copolymers are used for pack-
aging meat and sausage because they present good
thermal sealing in the presence of aqueous fluids.4

Because of the facility of interacting strongly with
several chemical groups, EMAA and other ethylene
copolymers have great potential for use as compatibi-
lizers and impact modifiers in blends and engineering
plastics.5

In the last several years, plastic packaging has be-
coming the major component of the plastic waste
stream because of the short time of use and the long
period necessary for degradation.6 As a result, plastic
recycling is perceived as an important environmental
topic.
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With the increase in plastic multilayer packaging
applications, the volume of these laminated products
in the municipal solid waste has continuously grown.
One of the recycling alternatives for packaging con-
taining layers of different polymers is the addiction of
compatibilizers during the reprocess to improve the
interfacial adhesion. In the case of multilayer packag-
ing composed of different materials such as paper,
polymer, and metal, the recycling process is even
more complicated.2

The Tetra Pak recycling proposal for Tetra Brik
packaging involves the separation of the paperboard
from the polyethylene and aluminum film.7,8 An over-
view of this recycling process is shown in Figure 1.

The cellulose separation is performed on an instru-
ment called a hidrapulper, and the recovered paper-
board is used to produce industrial paper products
such as corrugated cartons and consumer products
such as paper towels and notebooks.8 After the cellu-
lose fiber separation, the remaining mixture, com-
posed of polyethylene, copolymer, and aluminum, is
washed in water, pressed, and dried before being
subjected to the agglutination process.

The recovery of the polyethylene/aluminum com-
posite can be performed in three different ways: (1) the
generation of energy through incineration in a bio-

mass oven, (2) the recovery of aluminum in pyrolysis
ovens, and (3) the processing of the mixture of plastic
and metal in an extruder to obtain a composite that is
used in the fabrication of injection-molded parts as a
replacement for LDPE and HDPE.7

EXPERIMENTAL

Materials

The material under investigation is PEAL, a composite
of LDPE containing a small amount of EMMA and
around 15% aluminum, obtained from the recycling of
postconsumer aseptic packaging and supplied by
Mercoplás (Vinhedo, Brazil). For comparison, pure
virgin LDPE and EMMA, supplied by Brasken (Tri-
unfo, Brazil) and used in the composition of multi-
layer packaging, were also characterized. Descriptions
and some properties of the materials used in this work
are given in Table I.9,10

Processing

The composite PEAL, received in a granulated form,
was processed in a Wortex (Campinas, Brazil) single-
screw, vented extruder with five temperatures zones.
The screw profile was the one typically used for poly-
olefins and contained a Maddock dispersive mixture
element. The screw length/diameter ratio was 30 : 1,
and the diameter was 32 mm. Several processing con-
ditions were tested, and the one that resulted in a
good appearance and better mechanical properties
was chosen. The processing parameters, such as the
temperature profile and screw speed, are presented in
Table II. Before extrusion, the granules were dried at
90°C for 2 h.

The composites were then injection-molded in an
Arburg (Lossburg, Germany) 221K injection machine
to obtain the specimens for tensile and impact tests.
The injection conditions are also presented in Table II.

Characterization

Thermogravimetric analysis (TGA) was carried out on
a TA Instruments (New Castle, DE) model 2050 ther-

Figure 1 Recycling of the aseptic packaging.

TABLE I
Properties of the Virgin Polymers and PEAL

Polymer LDPE EMAA PEAL

Manufacturer Braskem BP Chemicals —
Grade BC-818 Novex M 21 N 430 —
Density (g/cm3) 0.918a 0.922a 0.90b

Methacrylic acid (%) 0 1.2a �1.2
Electrical conductivity (S/cm)b — — 1.11 � 10�8

Thermal conductivity at 20°C (W/m °C)b,c — — 0.24
Heat capacity at 20°C (J/g °C)c 2.657

a Product datasheet.
b Reference 9.
c Reference 10.
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mogravimetric analyzer. The samples, weighing
around 30 mg, were tested under an oxidative atmo-
sphere at a heating rate of 10°C/min according to
ASTM Standard E 1641.11

The melting and crystallization behavior was stud-
ied with a TA Instruments model 2910 differential
scanning calorimeter. The samples, weighing around 5
mg, were heated, cooled, and reheated at a rate of
10°C/min from 0 to 300°C.

The crystallinity was calculated from the ratio of the
experimental melting enthalpy obtained in the second
heating to that of 100% crystalline polyethylene, the
theoretical value of which was 270.03 J/g.12 For mea-
suring the PEAL crystallinity, the aluminum weight,
considered to be 15 wt %, was subtracted from the
initial weight of the sample.

The tensile properties were characterized with an
EMIC (São José dos Pinhas, Brazil) DL2000 universal
testing machine with a load of 5000 N and a test speed
of 50 mm/min. The injection-molded specimens were
conditioned for 72 h at 23 � 2°C and 44% relative
humidity before the testing. The specimen dimensions
(165-mm length and 41.6-mm2 cross area), as well as
the test conditions, were chosen according to ASTM
Standard D 638.13 At least eight specimens of the same
sample were tested, and eventual discrepant results
were eliminated by the application of a Q test.14

Izod impact tests of notched, injection-molded spec-
imens with dimensions of 63.5 mm � 10 mm � 3.2
mm were made with an EMIC pendulum-type testing
machine according to ASTM D 256.15 The load was 2.7
J, and the temperature was 26 � 3°C. At least eight
specimens of the same sample were tested, and the
eventual discrepant results were eliminated by the
application of a Q test.14

Dynamic mechanical analysis was performed with a
Rheometrics Scientific (Piscataway, NJ) DMTA V. The
rectangular specimens (12 mm � 1.5 mm � 0.4 mm)
were cut from the injection-molded bars. The mea-
surements were carried out in the tensile mode at a
strain of 0.01%, a frequency of 1 Hz, and temperatures

ranging from �140 to 280°C at a heating rate of 5°C/
min.

Fourier transform infrared (FTIR) analyses of com-
pression-molded thin films were carried out in a Bo-
imen, Hartman & Braun-Michelson (Quebec, Canada)
MB series spectrometer from 400 to 4000 cm�1 at a
resolution of 4 cm�1. A minimum of 50 scans were
averaged.

The melt flow index was characterized with a
DSM (São Paulo, Brazil) M-I3 plastometer at 190°C
and a load of 2.160 kg, according to ASTM 1238
(procedure B).16

Scanning electron microscopy (SEM) was used to
determine the distribution of aluminum particles in
the extruded and injection-molded PEAL. For this
analysis, the surface of a cut at room temperature was
analyzed. For the extruded samples, the cut was made
perpendicularly to the extrusion flow, and in the in-
jection-molded samples, the cut surface parallel to the
injection flow was analyzed. The surfaces were ob-
served with a JEOL (Middleton, WI) T 300 microscope.
The image was generated by the backscattering elec-
tron sign, and the voltage acceleration was 15 kV.

RESULTS AND DISCUSSION

The composite PEAL, remaining from the recycling of
aseptic packaging after the extraction of cellulose fi-
bers, comprises a mixture of three materials: two poly-
mers, LDPE and EMAA, and aluminum. The proper-
ties of the composite are here evaluated and compared
with those of the two virgin polymers.

The transmittance infrared spectra of thin films of
the three polyolefins are presented in Figure 2.

The band at 3000 cm�1 is related to the symmetric
and asymmetric stretching of CH2 groups occurring at
2919 and 2851 cm�1, respectively. Besides these typi-
cal polyethylene bands, the EMAA copolymer pre-
sents at 1720 cm�1 a band attributed to the CAO
stretching and others at 1236 and 941 cm�1 related to
the stretching of COO and COC of the carboxyl

TABLE II
Parameters for Extrusion and Injection-Molding Processing

Extrusion parameters PEAL

Temperature profile (°C) 140, 150, 175, 160, 165
Screw speed (rpm) 150
Injection parameters PEAL LDPE and EMAA
Temperature profile (°C) 140, 170, 200, 210, 220 180, 190, 200, 200, 200
Injection speed (cm3/s) 8 8

7 7
Injection pressure (bar) 800 800

700 700
Backpressure (bar) 650 650
Cooling time (s) 23 23
Mold temperature (°C) 25 � 5 25 � 5
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group. The band at 3000 cm�1 becomes broader be-
cause of the overlapping of the absorption of the hy-
droxyl group.

Except for the carbonyl band (1720 cm�1), all the
other bands related to the acid group are absent in the
PEAL spectrum; this indicates that the amount of the
copolymer in the composite is too low to be detected
by infrared under the conditions used in this charac-
terization. The presence of the carbonyl band in the
PEAL and LDPE spectra is probably a result of poly-
mer oxidation due to the environment and during
processing.

Infrared analysis provides the determination of the
branching degree and the size of the branches of poly-
ethylene.17 Band I, at 1377 cm�1, refers to the symmet-
ric deformation of the CH3 group and is absent for
HDPE, which presents this group only in the chain
ends. LDPE presents a very high branching degree
and a random combination of short and long
branches. For this polymer, band I is more intense
than band II at 1366 cm�1. This band, as well as the
one at 1351 cm�1 (band III), is attributed to the defor-
mation of the methylene groups in the amorphous
phase.18 LLDPE presents short branches with a uni-
form size, the concentration and size of which are
determined by the �-olefin amount and type, respec-
tively. In general, the concentration of short branches
is lower in LLDPE than in LDPE. For this reason, band
II is more intense then band I in the LLDPE infrared
spectrum in comparison with the spectrum of LDPE.17

A magnification of the region from 1400 to 1300
cm�1 of the spectra of Figure 2 is shown in Figure 3. In
this region, there is no interference of other absorp-
tion. Band II is more intense than band I for EMMA,
and this shows that the hydrocarbon chain of EMAA
presents few branches and suggests that they are short
and uniformly sized branches. Therefore, the hydro-

carbon chain of EMAA, one of the polymer constitu-
ents of the PEAL composite, presents the characteris-
tics of LLDPE.

Figure 4 presents the thermogravimetric curves of
PEAL, LDPE, and EMAA in an oxidant atmosphere.
The thermooxidative degradation mechanism is
clearly different from that of the two other polymers.

Figure 2 Infrared spectra of PEAL, LDPE, and EMAA (4-
cm�1 resolution and 50 scans).

Figure 3 Infrared spectra of PEAL, LDPE, and EMAA from
1300 to 1400 cm�1 (4-cm�1 resolution and 50 scans).

Figure 4 TGA curves for (�) PEAL, (�) LDPE, and (‚)
EMAA in an oxidative atmosphere (heating rate � 10°C/
min).
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Table III presents the temperature and weight-loss
percentage related to each degradation process and
the residue at 600°C. LDPE and EMAA showed two
well-defined weight-loss processes. PEAL also
showed two weight-loss processes; however, an inver-
sion of the percentage of the weight loss in each of the
processes can be observed. Although the first degra-
dation process of PEAL started at a temperature
slightly lower than that of the other polyethylene, only
17% of the weight was lost, whereas for the other
polymers, the first process represented a loss of 69% of
the initial weight. The presence of aluminum in the
composite then confers higher thermooxidative stabil-
ity to polyethylene, acting probably as a barrier for
oxygen diffusion. In this way, the filler may act as an
additive against thermal degradation of the polyole-
fin; this is an interesting improvement, especially for a
recycled polymer subjected to environment and sev-
eral processing steps. Other important information
obtained from the thermogravimetric curves is that
the weight loss of polyethylene at the highest process-
ing temperature, 275°C, is insignificant.

The residue shown in the curve of the composite at
600°C, when all the weight of the polymeric matrix
had already volatilized, could be used to estimate the
aluminum content in the sample. For this consider-
ation, the eventual impurities present in the composite
were not taken into account. The average residue
weight at 600°C, obtained for the triplicates of ther-
mogravimetric curves obtained in an inert atmosphere
(to prevent cross reactions and aluminum oxidation),
was 15 � 2%. This value is in agreement with the
average aluminum content in this grade of PEAL
(15%).

Figure 5 presents the differential scanning calorim-
etry (DSC) curves from the first heating, second heat-
ing, and cooling obtained for the composite, LDPE,
and EMAA.

For all three polymers, the shoulder right before the
melting peak, which appears in the first heating curve
[Fig. 5(a)], is no longer in the second heating curve
[Fig. 5(c)]. The cooling-controlled condition during the
DSC run allows higher uniformity in the crystal size

and lamellar thickness. This rearrangement in the
crystalline structure allows a more gradual variation
in the melting of different crystals during the second
heating.

The main crystallization peak [Fig. 5(b)] is followed
by another less intense and asymmetric peak. This
crystallization curve profile is typical for highly
branched polyethylenes.

Table IV shows the main thermal parameters ob-
tained through DSC analysis. The crystallinity degree
for PEAL was calculated through the subtraction of
the weight of the aluminum in the composite.

PEAL presents the highest melting and crystalliza-
tion temperature as well as the highest crystallinity
degree. The crystallization in the composites starts at a
temperature higher than that of the other unfilled
polyethylene because the aluminum particles act as
crystallization nuclei (heterogeneous nucleation). For
this same reason, the crystallinity degree in PEAL is
higher.

In EMAA, the lower crystallization degree and
lower melting and crystallization temperatures in
comparison with those of LDPE are related to the
presence of the acrylic groups, which interfere with
good chain packing.

The dynamic mechanical properties of polyethyl-
enes are expressed through curves of the storage mod-
ulus (E�), loss factor (tan �), and loss modulus (E�) as
functions of temperature.

Figure 6(a) shows that the E� curves for all the
polymers present two accentuated drops. The one
starting at �25°C is attributed to the secondary relax-
ation of the crystalline phase of polyethylene (� relax-
ation).19 The other, at 100°C, is due to the melting of
the crystals. Immediately after the melting, in the rub-
bery region, only the curves for EMAA and PEAL
present an elastic plateau, whereas LDPE flows after
melting without presenting elastic behavior.

In the case of EMAA, this elastic region is due to the
presence of dimers established between the acid
groups, which have the same function as physical
crosslinking points. In PEAL, besides this same effect,
because of the content of EMAA in the composite

TABLE III
Parameters Obtained from the Thermogravimetric and Derivative Curves of LDPE, EMAA, and PEAL Under an

Oxidative Atmosphere

LDPE EMAA PEAL

Maximum decomposition temperature (°C)
First process 374 366 360
Second process 458 436 465

Fraction of weight loss (%)
First process 69 69 17
Second process 31 31 71

Temperature at which 50% weight loss takes place (°C) 377 368 436
Residue at 600°C in an argon atmosphere (%) 0 0 15
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structure, the presence of aluminum particles pro-
vides rigidity to the polymer matrix. This, reducing
the flexibility of the polyolefin, also causes a higher

modulus at temperatures higher than 0°C. Another
factor that contributes to the increase in the modulus
is the higher crystallinity of PEAL in comparison with
that of LDPE and EMAA (Table IV).

The E� curves [Fig. 6(b)] present, besides the � re-
laxation around 0°C, another relaxation around
�120°C, which is attributed to the glass transition.19

Curves of tan � as a function of temperature are
shown in Figure 6(c). As also observed in Figure
6(a,b), the main difference of the polyethylenes is the
width of the � relaxation. For EMAA, this relaxation is
presented as a sharp and well-defined peak, whereas
PEAL and LDPE show broader and flatter peaks. This
result may be related to the differences in the amount
and size of branching, as detected through FTIR. The
� relaxation is associated with chain segments con-
necting the crystalline phase to the amorphous phase
(tie molecules).19 Therefore, this relaxation reflects the
differences in the branching degree. Those branch seg-
ments are normally excluded from the crystalline
phase and remain in the interface.

The composite presents a gray color, whereas the
pure polymers are slightly white and transparent, the
optical transparency of EMMA being higher than that
of LDPE. It is also possible to observe the differences
in the fracture pattern and in the elongation at break,
which follows this sequence: PEAL � LDPE � EMAA.
Another detail is the position at which the specimen
breaks. In the pure polymers, the tendency is breaking
near the clamps, whereas in the composite, the frac-
ture occurs especially in the center of the specimen.

The average stress–strain curves for the composites
and pure polymers are presented in Figure 7, and the
tensile properties and the Izod impact properties are
shown in Table V.

An increase of more than 80% in the PEAL elastic
modulus, in comparison with that of the pure poly-
mers, is an indication that the material containing
aluminum is stiffer than the other polymers. The
higher modulus is related to the presence of alumi-
num particles and also to the higher crystallinity of the
polymer matrix. On the other hand, the material loses
toughness because of the metal additive, as indicated
by the reduction in the elongation at break. The par-
ticles may represent a center for tension concentration.

TABLE IV
Thermal Properties of PEAL, LDPE, and EMAA

Polymer

Melting
temperature

(°C)

Crystallization
temperature

(°C)
Crystallinity

(%)a

PEAL 107 93 47
LDPE 106 88 44
EMAA 102 83 39

The data were obtained from the second heating.
a Normalized with respect to the mass fraction of polyeth-

ylene in PEAL.

Figure 5 DSC curves for (�) PEAL, (�) LDPE, and (‚)
EMAA: (a) first heating, (b) cooling, and (c) second heating
(heating rate � 10°C/min).
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This reduction in toughness also reflects the impact
resistance of the material. The average impact strength
for PEAL is 302 J/m. Even though this is a consider-
ably high impact strength, the pure polymers do not
fracture under the impact of the pendulum of 1.6 J,
which is used in the test. Again, this reduction in the
polyethylene impact strength is an effect of the lower
flexibility of the composite due to the aluminum par-

ticles and also the introduction of interfaces, which
may be areas of tension concentration and fracture
initial points.

The effects of iron powder,20–22 cooper,21,22 zinc,12,22

and bronze22 on the physical and mechanical proper-
ties of polyethylene have been reported in the litera-
ture. In the most cases, the composites present poor
mechanical properties and electrical properties de-

Figure 6 (a) E�), (b) E�, and (c) tan � as functions of temperature for (�) PEAL, (�) LDPE, and (‚) EMAA.
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pending on the metal concentration12,22 and the
method of processing.21

The melting flow indices found for PEAL, LDPE,
and EMAA were 3.9, 7.5, and 7.5 g/10 min, respec-
tively. The values for the virgin polymers were close
to the ones presented by the manufacturers, as shown
in Table I.

The melting flow index reflects the rheological
properties, which are related to the molecular weight
and, consequently, the viscosity of the polymeric ma-
terials. The melting flow index presented by the com-
posite is lower than that of the virgin polymers. This
could be a result of thermal and mechanical degrada-
tion caused by the previous use and the recycling
process. LDPE may undergo degradation through two
different mechanisms: chain scission and crosslink-
ing.23 Chain scission results in more fluid materials,
whereas crosslinking causes an increase in the viscos-
ity and, consequently, a reduction of the melt flow
index. However, the composite being a mixture of two
polymers and a metallic filler, even the interactions
between EMAA and LDPE and between EMAA and
aluminum would result in an increase in the viscosity.

The morphology was analyzed through the back-
scattered electron image, which generated better con-
trast and definition of the aluminum particle limits.

In Figure 8, it is possible to observe that the particles
are long, and the general aspect suggests that many

still keep the original film shape, indicating that the
processing in the extruder is not effective enough to
promote a fine dispersion of the particles. The particle
size distribution is quite large, and the average size is
approximately 100 �m. However, the filler is homo-
geneously distributed in the polymer matrix and pre-
sents the tendency of orientation along with the injec-
tion-flow direction.

CONCLUSIONS

The aluminum particles influence the mechanical and
thermal properties as well as the thermal and ther-
mooxidative degradation of polyethylene.

Compared with LDPE, the composite PEAL pre-
sents lower fluidity, higher crystallinity, better ther-
mal stability, higher modulus, and lower impact resis-
tance. However, the aluminum particles present a
large shape and size distribution that is a negative
contribution to the composite properties. Improve-
ments in the processing and dispersion technique are
still required for obtaining enhanced performance.

The recycling-originated polymer matrix/metal
composite is a very low cost material and shows po-
tential to be used in many applications. In addition,
PEAL offers the possibility of being mixed with other
thermoplastics for preparing engineering polymer

Figure 7 Average stress–strain curves of (�) PEAL, (�)
LDPE, and (‚) EMAA.

TABLE V
Mechanical Properties of PEAL, LDPE, and EMAA

PEAL LDPE EMAA

Elongation at break (%) 46 � 4 92 � 2 156 � 3
Stress on maximum strength (MPa) 11 � 0 10 � 0 12 � 0
Young’s modulus (MPa) 164 � 4 93 � 10 80 � 12
Impact strength (J/m) 302 � 4 Not broken Not broken

Figure 8 SEM of the surface of injection-molded PEAL:
backscattered electron image.
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blends containing a metallic filler and a compatibi-
lizer.

The authors thank Tetra Pak and Mercoplás for supplying
the polymers.
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