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Packaging sector generates 40% of the plastics consumption in Europe. Among the most consumed plastics,
polyethylene terephthalate (PET) is still the material that undoubtedly continues to grow in the packaging sector.
Hence, there is a concern related to the recycling process, which today is only around 56%. Therefore, the
objective of this work focuses on the use of this recycled material as a source of raw material for pultrusion

processes. This work studies and compares the processability of final composite pultruded parts by using three
different pre-impregnated recycled materials different in their viscosity and stream. Those composites were
characterized by mechanical testing and microscopy analysis. The obtained results were compared with those of
another pultruded thermoplastic (polypropylene) composite. From this study, it was possible to transform a
waste into a product with high added value, reducing the carbon footprint.

1. Introduction

Polyethylene terephthalate (PET) is a lightweight material
commonly used for the manufacture of containers and packaging [1].
Although PET is totally recyclable, due to the problems with its me-
chanical recycling and post-processing, millions of tons end up in
landfills and oceans every year, needing, possibly, hundreds of years to
decompose [2,3]. Most of the problems comes from highly printed
containers (multilayer and/or metallized) and pose new challenges for
recycling systems, regardless of whether it is production waste or
post-consumer materials. Multilayer containers are very difficult to
recycle because many different polymers containing metals and colors
form them. In addition, they have the compatibilizing agents and other
additives that are in the inks obtaining products with poor mechanical
properties [4,5].

Current recycling alternatives reuse PET waste in low-value and
short-lived applications such as in packaging sector, becoming a waste
again in a very short time of use. Recycling in the packaging sector fo-
cuses on using the cleanest PET fractions (especially those made up of
transparent flakes) leaving aside the recycling of the most contaminated
fractions. Moreover, packaging applications require very demanding
and expensive material cleaning cycles. As a consequence, recycled and
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waste thermoplastics, such as PET, are some of the major components of
global municipal solid waste and present a promising raw material
source [6]. For this reason, other processes are currently being sought to
introduce any stream of PET waste, including coloured PET, as a raw
material to obtain products with a long useful life and high added value
such as composites.

To solve the problems that recycled materials present in terms of
poor mechanical properties are usually reinforced with short fibres.
Current studies have proposed using these PET wastes as matrices in
composites [7,8]. One of the most widely used methods of
manufacturing composites is the pultrusion process in which no studies
of the use of recycled PET material as a matrix are found. Pultrusion
involves a high demand process and is one of the available
manufacturing processes to produce polymeric composites with a con-
stant cross-section profile in a continuous manner [9]. Currently, most
materials used in composites are based on thermoset matrices. Due to
the actual recyclability problems of thermoset materials, the introduc-
tion of thermoplastics materials in this process is increasing. The capa-
bility to flow with heat makes thermoplastics recyclable and
post-formable materials [10]. In addition, composite materials with
thermoplastic matrices offer greater resistance to fracture, higher
impact resistance, greater toughness and damage tolerance, a shorter
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processing time and excellent environmental stability [9,11,12].

However, the use of composite materials of thermoplastic matrix
reinforced with long/continuous fibre implies great technological and
scientific challenges since thermoplastics have a much higher viscosity
than thermosets, which hinders the impregnation and consolidation
process. The thermoplastic prepregs mitigate this problem, since it is an
intermediate product prepared to facilitate its further processing [13].
Prepregs are usually produced by two techniques. The first consists of
the direct fusion of the polymer that allows the manufacture of
pre-consolidated tapes (PCT) [14]; the second method is carried out by a
process of intimate contact with the matrix in the form of powder, which
is the process of manufacturing “towpregs”. These processes have been
widely tested using polypropylene matrices [15-17].

This work proposes as a solution for recycling PET waste by its
introduction as a thermoplastic matrix pultruding the towpreg to make
composites parts. The process of intimate contact before manufacturing
(towpreg) is probably the most viable way to use recycled PET as matrix,
since this process is less constrained by the properties of the recycled
materials. Due to its high viscosity compared to thermoset materials it is
important to study the fluidity of these recycled materials as well as the
relationship of the viscosity and impregnation with the final properties
of the composites obtained.

In this work it has been studied two streams of recycled material, a
cleaner one that comes from translucent and blue bottle streams and
another recycled PET which comes from a more contaminated stream
that contains coloured and multilayer PET material. These materials
come from different waste streams and have different rheological
properties, so the influence of this parameter on the final properties of
the final profiles will be studied. In addition, recycled PET chemically
modified with low viscosity was studied for the manufacture of pul-
truded composite profiles [18].

The final composite parts were submitted to tensile, flexural test, as
well calcination and optical microscopy. To see the feasibility for in-
dustrial applications of profiles obtained with PET matrix a comparison
of properties with another thermoplastic polymer (polypropylene)
already introduced in pultrusion from towpregs has been made [12].
Polypropylene can easily be processed because of the low melting and
process temperature; whereas polyethylene terephthalate requires a
higher process temperature, but offers better temperature resistance
[19].

2. Experimental
2.1. Raw materials

Three materials from recycled PET were used to manufacture the
pultruded profiles. Unmodified PET (PET 1) belongs to a stream of
recycled PET that mostly contains blue and transparent flakes from
bottle waste (blue PET). Modified PET (PET 2) comes from a previous
investigation in which this recycled PET 1 was chemically modified in
order to get lower viscosity values to achieve better impregnation. The
chemical modification was performed by reactive extrusion with an
amount of 0.25% wt % of 5-aminoisophthalic acid [18].

PET 3 comes from streams with multi-layered and coloured recycled
PET (colour PET). All the recycled PET materials were supplied in the
form of flakes by ClearPET. These flakes were extruded at 265 °C and
100 rpm. Then, these pellets were converted into powder by mechanical
crushing with liquid nitrogen, passing it through sieves for particle size
control. Summary of properties of materials used are shown in Table 1.
The Young Modulus and Tensile Strength properties of PET matrices
were determined in accordance to ISO 521-1 at a speed of 1 mm/min
and 10 mm min ~ L. The intrinsic viscosity was determined under ASTM-
D4603-03. Molecular weight was determined by Gel permeation column
(GPC) [18]. Density under ISO 1183-1. Fibre diameter was evaluated by
scanning electron microscopy (SEM).

Moreover, in Table 1 is included the glass fibre used was type E
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Table 1
Properties of materials used in towpregs.
Property Glass Unmodified PET Modified PET Colour PET
Fibre- (PET 1) (PET 2) (PET 3)
Source(stream Blue PET Blue PET Colour PET
of rPET)
Linear Density 2400 - - -
(Tex)
Density (g/cm3) 2.650 1.326 + 0.007 1.326 + 0.007 1.324 +
0.004
Tensile Strength 3500 452 £ 7.2 53.2+1.0 21.5+ 1.0
(MPa)
Young Modulus 76,000 2369.4 + 36.5 2427.1 £19.7 2579.0 +
(MPa) 84.4
Powder particle - 200 200 200
size (um)
Fibre Diameter 17 - - -
(um)
Intrinsic - 0.8 0.68 0.66
viscosity (dl/
g)
Molecular - 23,675 + 174 17,923 £ 757 26,712 +
weight (g/ 453
mol)

2400tex (305 E-TYPE 30®) without any special coating from Owens
Corning.

2.2. Production of the pre-impregnated material

The towpreg was produced in a developed dry powder coating
installed in the Composite Material’s Laboratory in ISEP- the Engi-
neering School of Porto Polytechnic (Portugal) [20]. The machine is
schematically depicted in Fig. 1. It consist of six main parts: a wind-off
system, a fibres spreader unit, a heating section, a coating section, a
consolidation unit and a wind-up section. The reinforced fibres are
wound-off and pulled through a pneumatic spreader and then coated
with the polymer powder by heating in a convection oven and made it
passed into a polymer powder vibrating bath. A second oven allows
softening the polymer powder promoting its adhesion to the fibre sur-
face. Finally the towpreg is cooled down and wound-up on a spool [15].

This equipment allows the manufacture of towpreg, a pre-
impregnated material in which the powder polymer has an intimate
contact with the fibres. The processing speed of the pre-impregnated
material was 6 m per minute, with the first convection oven being set-
up to 700 °C and the second oven at 450 °C. These processing condi-
tions were optimized until a 45% matrix content was reached in the
fiber. Fig. 2 shows an example of the physical form of the obtained
towpreg.

As can be seen in Fig. 2, the contact angle between the polymer
particles and the fibres suggests that they possess a good adhesion. This
is important as makes the transformation of this towpreg easier.

2.3. Pultrusion of towpreg composites

The pre-impregnated towpregs were transformed by pultrusion in a
developed 10 kN pultrusion machine schematically shown in Fig. 3.

Pultrusion process was carried out at a speed of 0.2 m per minute,
with 25 rovings of towpreg. The first pre-heating oven was set-up to 180
°C. The pressurization and consolidation die was set to 280 °C, and the
cooling die was set-up to 25 °C. The die used in this process allowed the
manufacture of a 20 x 2 mm? pultruded composite profile. Fig. 4 shows
the profile obtained by pultrusion of towpreg.

2.4. Testing

2.4.1. Dynamic rheometry
HAAKE Rheostress 600 dynamic rheometer was utilized to perform
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Fig. 3. Schematic diagram of the pultrusion line.

Fig. 4. Profile obtained by pultrusion.

the viscosity measurements in molten state of the three recycled PET
samples. Plate-plate geometry (20 mm) and a selecting gap between
plates of 1.6 mm were used. The complex viscosity (p*) was measured as

a function of temperature from 265 °C to 300 °C and frequency was set
at 1 Hz. In order to avoid possible molar mass changes during sample
preparation, pellets were deposited directly into the pre-heated
rheometer. It is important to know the measurement of the viscosity
in melt since in this way we can know the rheological behavior that the
material will have during the pultrusion process.

2.4.2. Calcinations testing

Glass fibre mass content in the composites was determined by using
calcinations tests according to EN ISO 1172 standard. After calcinating
the composite sample, using a crucible in a muffle furnace at 625 °C
during 15 min, the glass fibre mass fraction, wy was obtained by:
_m3 —m
@ = my—n,
where mj, my and mg are: initial mass of the dry crucible (m;), initial
mass of the dry crucible plus dried specimen (my) and final mass of
crucible plus residue after calcination (ms). Furthermore, by knowing
the fibre and polymer densities, ps and pp, respectively, the fibre mass
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fraction (wy) may be converted in fibre volume fraction (vy) by:

S/
bowr /o (1=wr) /p,

2.4.3. Mechanical testing

Mechanical testing was carried out in a Shimadzu AG-X equipment
with a load cell of 100 kN. The flexural properties of the profiles ob-
tained were determined under ISO 14125. This method was used to
investigate the flexural behavior of the profiles and determine the
flexural strength and flexural modulus. The span was 80 mm and the test
speed was 2 mm/min. The dimension of the samples was 100 x 20 x 2
mm?3. The experimental results were compared with theoretical ones
that can be predicted by using the ROM (Rule Of Mixtures). The modulus
of elasticity of the profiles is approximately equal to the arithmetic mean
of the fibre and polymer modules, according to the relative volumetric
ratio of each, according to the well-known rule of mixtures. That is to
say:

E=EqV; +E,-V,

where: E is equal to the profile modulus, Ef and E, are the fibre and
polymer modulus respectively and V¢ and V,, are the volume fractions of
the fibre and polymer.

Tensile test was carried out at a speed of 2 mm/min according to ISO
527, and distance between grippers was 200 mm. A 50 mm length strain
gauge was used up to 0.3% strain, for a more accurate determination of
the tensile modulus. Six specimens for each condition were tested, each
with a dimension of 250 x 20 x 2 mm?>,

2.4.4. Morphological analysis

The Olympus Bx60M-KP-M1E/K microscope analysis has been car-
ried out in order to evaluate the dispersion of the fibre/matrix in the
final profiles. The microscope test was done using 100 pm lenses and x
10 zoom.

Scanning Electron Microscopy (SEM) was used to evaluate the fibre/
matrix adhesion of the composites after the flexural test [21]. A FESEM
Hitachi H-7000 microscope was used. For testing, samples were vacuum
coated with a thin layer of gold palladium alloy to make them
conductive.

3. Results and discussion
3.1. Dynamic rheometry

For pultrusion, is important to study the viscosity of the recycled PET
during processing to better understand its behavior. In general, the
manufacture of composite materials is better with lower viscosity in the
melted state for better impregnation. To estimate the shear viscosity of
the three polymers, Cox-Merz approach was used. This approach stip-
ulates that complex viscosity may estimate shear viscosity [22].

Therefore, complex viscosity (n*) for the three recycled PET samples
is plotted as function of temperature (Fig. 5). The vertical line in Fig. 5
indicates the processing temperature (280 °C) used to produce the
pultrusion profiles.

It is important to note that recycled PET materials used for pultrusion
showed different rheological properties. Recycled PET 1 (which comes
from blue PET) presented higher complex viscosity than PET 3 (colour
PET). As can be observed, PET 1 chemically modified (corresponding
with PET 2) achieved low viscosity values similar to PET 3.

3.1.1. Calcinations testing

Fig. 6 shows the results from calcinations test of the pultruded pro-
files. Moreover, the three PET pultruded profiles are compared with a
polypropylene (PP) pultruded profile obtained by the same pultrusion
technique [12].
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PET 1 and PET 2 samples, which comes from the PET blue stream
show similar and the highest volume fraction values. However, the fibre
volume fraction of PET 3 (from colour stream waste) decreases slightly.
This is due to the fact that this stream of recycled PET comes from a dirty
waste stream and the presence of additives or adhesives could difficult
the process of impregnation.

Comparing these results with another thermoplastic pultruded pro-
file such as polypropylene, PET matrix showed higher fibre volume
fraction. Polypropylene is a difficult polymer to transform into powder,
the size of the particles is higher than PET. The higher particle size,
means that impregnation in pultrusion will be much more difficult,
requiring more production time (lower line speeds). This results in a
worse distribution of polymer and fibers, and consequently allows the
presence of voids, due to the longer time needed to achieve full
impregnation.

3.2. Mechanical testing

Table 2 shows the flexural properties of the developed profiles.
Moreover, flexural results of PET matrices are compared with flexural
results of a PP profile [12,23], to better evaluate and compare the me-
chanical properties obtained on the composites processed from the
different pre-impregnated products. Table 2 also presents the theoretical
expected values and relative values of specific properties.
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Fig. 6. Variation of fibre volume fraction with different matrices used
in profiles.
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Table 2
Flexural properties of the profiles composites obtained from towpreg.
Test Property Pultrusion
Towpreg GF/PP [23] Towpreg GF/PET 1 Towpreg GF/PET 2 Towpreg GF/PET 3
Flexural Flexural Modulus(GPa) Experimental 28.6 + 0.9 40.7 £ 0.5 45.1 £ 1.0 38.3 £ 0.9
Theoretical 33.1 49.6 49.7 49.3
Flexural Modulus/Fibre volume fraction (GPa) 549+ 1.7 70.2+0.9 70.5+ 1.6 60.1 + 1.4
Flexural Strength(MPa) Experimental 158.0 + 12.3 773.0 + 48.1 1067.3 + 21.5 594.1 + 49.0
Flexural Strength/Fibre volume fraction (MPa) 303.3 £+ 23.6 1207.8 £ 74 1662.5 + 32 932.65 + 76
Fibre volume fraction (%) 52.1 64.1 64.2 63.7

Table 2 shows that PET 1 and PET 2 which comes from the same
stream, despite having different viscosity values, presented similar
specific Flexural Modulus. While PET 3 showed the lowest values. This
decrease may be due to the fact that PET 3 comes from coloured and
more contaminated stream [5,24]. Waste from heterogeneous deposits
of various coloured has been studied by other authors showing lower
Modulus values than PET from blue post-consumer bottles [25]. As can
be seen from Table 2 the experimental Flexural Modulus values obtained
from composites are in agreement with the predicted theoretical ones
showing more difference in PET 3 due to contamination of this material.

Regarding specific flexural strength, PET 2 showed an increase
comparing with PET 1. This can be due to low viscosity values of PET 2
(see rheological properties and intrinsic viscosity values, Fig. 5 and
Table 1). The lower viscosity values of PET 2 improved the impregnation
process of the matrix with the fibres and, consequently, better consoli-
dation of the final profiles. On the other hand, PET 3 showed the lowest
flexural strength (despite to have the lowest viscosity value). This is due
to the high content of voids presented by this compound, which we will
see later in the morphological analysis.

Compared with another thermoplastic pultruded profiles, such as
polypropylene, it can be observed that using any of the recycled PET as
polymeric matrix it is possible to produce profiles with improved
bending properties (Table 2).

Table 3 shows tensile values of profiles obtained with recycled PET
matrices. In addition, results are compared with tensile PP values [12,
23].

From tensile results, it can be observed that PET 2 (with lower vis-
cosity values than PET 1) show the highest specific Modulus and Tensile
strength. PET 3 (from colour PET waste) presents lowest viscosity values
and the lowest Modulus and Tensile strength values as a consequence of
contaminants present in this material. Therefore, in this case, its content
of contaminants prevails more than its low viscosity. In this case, this
material did not reach the properties of a PP.

3.3. Morphological analysis

During microscope analysis, the areas with fibre and polymer con-
centration were analysed to evaluate the distribution, the quality of
impregnation and relative amount of voids. In a heterogeneous material,
impregnation is an important factor to obtain a material with predict-
able properties and to obtain the potential of the materials involved [12,
26]. Fig. 7 show the analysis of the microscope of the three profiles
obtained.

Analysing the images obtained by microscopy, it is possible to see in
PET 1 that in the areas where there is a concentration of fibres, the
absence of polymer around the fibres is evidenced. Comparing with PET
2, zones with concentration of fibres have some polymer around the
fibres, meaning an improvement of impregnation. In the case of PET 3,
there is not a regular dispersion of fibre and polymer, and the zones in
which fibres are concentrated no polymer can be seen. Also, in PET 3 the
amount of voids (in black) is higher than the other two.

In Fig. 8 we can observe the microscope images with polymer
concentration.

The areas in which there is polymer concentration, fibres should be
present to improve the homogeneity of the composite. By simple
observation of Fig. 8, PET 3 can be seen with very low quantity of fibres,
where in the case of PET 2 there is a more regular distribution of fibres
when compared to PET 1.

It is possible to conclude in the case of PET 2 that the modification of
the polymer improved the quality of impregnation when compared to
PET 1, possibly due to lower polymer viscosity during pultrusion. As for
PET 3, when compared to PET 1, the impregnation showed to be weaker,
but further work including modification of this polymer should be done
in future.

SEM was used in order to evaluate the adhesion of the polymers to
the fibres after the flexural test [21]. The rupture of the samples on
bending tests (Fig. 9) was visualized through SEM. Fig. 7 shows micro-
graphs of glass fibre/PET samples pultruded profiles.

In Fig. 10 it can be seen how profiles with PET 1 and PET 2 showed
the fibre surrounded by the polymer. In contrast, in the profile of PET 3
it was possible to observe the fiber separated from the matrix. This is in
accordance with the mechanical properties where the profiles with PET
3 showed the lowest flexural values.

4. Conclusions

The pultrusion process by “towpreg” pre-impregnation allows
concluding that it is possible to produce profiles from all three recycled
PET materials. The mechanical results allow predicting the adequate use
of recycled PET as matrix in pultruded profiles either in general or
structural engineering applications. PET material is largely used due to
its good characteristics and, therefore, generates a large amount of
waste. These findings show a great advance for the recyclability that
would reduce its accumulation in landfills. As a remarkable aspect is the
recycling in high value and long-life applications such as pultruded
profiles.

Table 3
Tensile properties of the profiles composites obtained from towpreg.
Test Property Pultrusion
Towpreg GF/PP [23] Towpreg GF/PET 1 Towpreg GF/PET 2 Towpreg GF/PET 3
Tension Modulus(GPa) Experimental 339+1.5 47.3+ 1.8 50.0 + 0.9 45.3 £ 0.3
Modulus/Fibre volume fraction (GPa) 63.5 73.8 77.8 71.11
Tensile strength (MPa) Experimental >336.3 + 22.3 351.6 + 51.8 441.7 + 23.9 243.6 + 33.9
Tensile strength/Fibre volume fraction (MPa) >645.5 + 42.8 548.5 688.0 382.41
Fibre volume fraction (%) 52.1 64.1 64.2 63.7
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Fig. 8. Microscope images of areas with polymer concentration.

mechanical properties. On the other hand, pultruded profiles obtained

Fig. 9. Breakage fracture of essay profile.

The main differences between results lie in the different origin of the
recycled material. Materials from PET blue streams (PET 1 and PET 2)
used for the fabrication of profiles showed better mechanical properties.
The one that presented lower viscosity values (PET 2) managed to obtain
better distribution and, consequently, pultruded profiles with better

from PET 3 (colour stream PET) had the lowest Modulus values showing
worse fiber and matrix homogeneity. However, in this case, the
achievement of more benefit for this material is very interesting as it is
not currently recycled.
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