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Abstract: Giant reed (Arundo donax), a plant species with
potential for obtaining lignocellulosic fibres, was validated
as reinforcement in thermoplastic composites with good
processability, thermo-mechanical performance, and aes-
thetics. This study evaluates the impact of closed-loop
recycling of high-density polyethylene (HDPE)-based com-
posites with up to 40% of reed fillers: fibres and shredded
plants, on their processing and application properties.
Arundo fillers do not significantly impact the processing
stability and performance of recycled composites and can
improve some aspects. Minor chemical composition differ-
ences were observed, highlighting oxidation resistance. All
formulations keep their viscous character and reduce the
melt flow index slightly, benefiting reprocessing due to the
absence of degradation-prone coupling agents. The compo-
sites remain thermally stable up to 230°C, with only slight
weight loss at 160°C due to lignocellulosic filler degrada-
tion. Fillers lead to longer oxidation induction time com-
pared to neat HDPE. Reprocessed moulded materials show
higher stiffness and improved ultimate tensile and flexural
strength, but lower impact resistance due to shorter filler
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length. Smaller fillers and improved matrix distribution
also reduce water uptake. Fibrous fillers reduce the aspect
ratio, making composites with shredded reed more similar
to reed fibres, which are costlier to produce. Shortening of
the reprocessed fibrous filler is associated with increased
crystallinity in composite materials.

Keywords: giant reed, natural fibres, composites, recycling,
reprocessing

1 Introduction

Increased global awareness of using sustainable resources
to reduce the carbon footprint of the manufacturing
industry has driven the search for new bio-based materials.
Recycling and reuse strategies have also promoted advances
in the recovery and upcycling of these materials. In the field
of polymers and composites processing, besides the devel-
opment of novel materials formulated from renewable
sources and the move away from overexploitation of fossil
resources, the introduction of natural fibres, such as the
lignocellulosic ones, has also reduced the amount of plastic
in various applications. The use of natural fibres for composite
production not only allows a reduction in the consumption of
polymeric matrices but also promotes the development of
advanced materials with improved attributes such as better
specific properties, thermal or acoustic insulation, and low
cost [1,2]. Moreover, fillers derived from plant resources,
besides promoting the biodegradation of polymeric com-
pounds [3,4], represent a great opportunity for the develop-
ment of more sustainable recycling strategies compared to
those based on fillers of synthetic origin, such as glass or
carbon fibres [5].

Giant reed (Arundo donax L.) is a versatile plant spe-
cies that has attracted great interest due to its potential
applications in green biorefineries and sustainable mate-
rials. Its high biomass yield, adaptability to different envir-
onments and low cultivation requirements make it an
attractive candidate for the production of biofuels, bio-
chemicals, and other value-added products [6,7]. This plant
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species, native to East Asia and widespread in subtropical
and warm temperate climates around the world, can be
used to produce biofuels such as biogas and bio-ethanol
through biological fermentation, as well as bioenergy through
direct biomass combustion [8,9]. Its high biomass production
and low input requirements make it a competitive energy
crop compared to other lignocellulosic feedstock [10,11]. The
plant can be processed to obtain various high-value com-
pounds, including levulinic acid, oligosaccharides, fermen-
table sugars, and polyphenols, demonstrating its potential
for green chemistry applications [6,12]. Its biomass can also
be used for producing wooden building materials such as
bricks or particleboards, enhancing its role in sustainable
construction [7,13-15]. In addition, its role in phytoremedia-
tion and environmental management further underscores its
potential in advancing sustainable development goals. Giant
reed is capable of growing in contaminated soils and improving
soil fertility by accumulating pollutants in its biomass [16,17]
and can be used to remove pollutants from wastewater [18],
thereby improving water quality and contributing to environ-
mental sustainability.

On the other hand, polyolefins, a class of polymers
derived from olefinic hydrocarbons, or alkenes, whose dis-
covery dates back to the 1930s, have grown exponentially
since then and revolutionized the global plastics industry.
These materials have transformed modern life and are still
the subject of intense research and development because
of their diverse applications. Due to their versatility, low
cost, and mechanical properties, polyolefins have consoli-
dated their position as the most widely manufactured and
used plastic worldwide. This family of thermoplastics,
including polyethylene (PE) and polypropylene (PP),
make up the majority of the global plastics market, with
their use and production continually increasing, reaching
the global output of nearly 220 million tons/year [19]. In
fact, polyolefins accounted for almost half of the demand
from plastic converters in Europe in 2021 [20]. Its use in a
variety of applications, including food packaging, industrial
products, consumer goods, structural plastics, and medical
applications, has made its recyclability a critical issue, pri-
marily due to its extensive use in short-term applications
such as packaging [21]. PE, in particular, leads the plastics
industry with a market share of over 31% [4] and stands out
for its versatility to be used as a matrix in the production of
composites due to its excellent properties and wide range of
applications. Characteristics such as toughness, near-zero
moisture absorption, chemical inertness, low coefficient of
friction, ease of processing, and unique electrical properties
make it an ideal candidate for use in composite materials,
where it can serve as a robust matrix that enhances the
overall performance of the composite [22]. Moreover, PE is
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not only the most commonly used thermoplastic in the poly-
mers and composites industry but also offers great potential
for continuous closed-loop recycling. Research has shown that
high-density polyethylene (HDPE) can be reprocessed several
times while maintaining compatible performance character-
istics, thus mitigating the impacts of plastic waste [23,24].

The addition of a large variety of plant-based fillers
such as jute [25], hemp [26], sugarcane bagasse [27], spent
coffee grounds [28], peanut shells [29], palm [30], banana
[31], or sisal fibres [32] into an HDPE matrix has been
widely studied as a way to produce more sustainable mate-
rials. This strategy of obtaining biocomposites usually
improves the mechanical properties of HDPE, including
significant increases in stiffness and elasticity and reduces
thermal stability. Good interfacial adhesion between fibres
and the HDPE matrix is crucial for enhancing mechanical
performance. Treatments such as mercerization, chemical
functionalization, and the use of compatibilizers like maleic
anhydride grafted PE have been studied [33]. However,
there is still a gap in the study of the recyclability of these
materials, the literature found on the effects of their repro-
cessing remains limited [34,35]. Not surprisingly, the proper-
ties of recycled polyolefin-based natural fibre composites
(NECs), including their viscosity, average molecular mass,
crystallinity, and fibre dimensions, are significantly affected
by thermo-mechanical reprocessing. Minimizing thermal
degradation, oxidation, aesthetics, or mechanical perfor-
mance deterioration of such materials requires careful con-
sideration of various recycling parameters, including screw
rotational speed, throughput rate, and barrel temperature
profile among others [36].

In the previous work, giant reed has proven to be a
promising plant species for obtaining high value-added
fibres [37]. Its potential application as a reinforcing mate-
rial in PE-based composites has also been reported [38,39].
These composites have excellent thermal stability allowing
a wide processing window, interesting mechanical perfor-
mance with efficient stress transfer and good aesthetics.
The present work explores these materials in depth to
analyze the effects of thermo-mechanical closed-loop recy-
cling and to determine the changes in processability and
in-use performance parameters upon reprocessing.

2 Materials and methods

2.1 Materials

NFC, based on a HDPE matrix and lignocellulosic fillers
from giant reed (Arundo donax L.), were prepared by
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twin-screw extrusion compounding, as described in a pre-
vious work [38]. The polymer used was HDPE grade HD6081
from Total Petrochemicals, with a melt flow index (MFI) of 8 g/
10 min (190°C/2.16 kg) and a density of 960 kg'm™>, according to
the producer’s specifications. Besides, two different forms of
Arundo-derived materials were used as reinforcement phase
of the composites, namely, fibres (F), extracted from the stems
of giant reeds, and shredded material (S), obtained by grinding
aerial parts (stems and leaves) of the same plant species. Reed
fibres were obtained after 1 week of soaking in an alkaline
solution and further processing using a roller press. Once the
fibre bundles were extracted from the stems, they were
washed in water to neutral pH, dried, cut to a length of
3-5mm, and sieved to remove fines and clustered particles.
The procedure for preparing the shredded material consisted
of chopping and drying the collected plants, shredding them
with a laboratory rotary mill, washing the shredded material,
drying, and sieving [37]. The fibres were cut to approximately
3mm length, showing a diameter of 157 + 74 um, while
shredded material shows an average particle size of 370 *
133 pm [37,40,41]; fibre length is reduced to 781 + 288 um after
compounding obtaining [38,40,42].

The composite materials were named according to the
type and amount of lignocellulosic filler (in% by weight):
PE.F20 and PE.F40 correspond to composites with 20% and
40% Arundo fibres respectively, while PE.S20 and PE.S40
refer to composites produced with 20% and 40% Arundo
shredded material. Before recycling, the physicochemical,
rheological, and thermomechanical properties of the com-
pounds, produced by the ThermoScientific Process11 twin-
screw extruder with temperatures from 170°C to 185°C,
with the profile shown in the previous work [38], and the
test specimens, subsequently moulded by an Arburg 3208
injection moulding machine, were determined [38].

2.2 Recycling process

The original moulded parts (cycle 0) were ground at
1,400 rpm in an Alpine Augsburg shredder machine (model
RO 16/8) and then reprocessed up to five times (cycles 1 to 5)
using a ThermoScientific Haake Rheomex PTW 16 OS twin-
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screw extruder to evaluate the effect of mechanical recy-
cling on performance of the HDPE-Arundo composites.
Reprocessing was performed with a screw rotation speed
of 300 rpm and the following hopper-to-nozzle temperature
profile: 170-175-170-165-165-160-160°C. The used extruder has
an L/D ratio of 25 and a screw profile with three kneading
zones as shown in Figure 1.

The same process was repeated separately for the four
Arundo composite formulations (PE.F20, PE.F40, PE.S20, and
PE.S40) as well as for the neat HDPE polymer (PE). After
completing the five thermo-mechanical reprocessing cycles,
the materials were remoulded again using an Arburg 320S
injection-moulding machine (cycle 6). The nomenclature
used to designate materials after this reprocessing step
includes the suffix -r at the end of the name of each formu-
lation, thus PE-r, PE.F20-r, PE.F40-r, etc.

The manufacturing parameters used for injection
moulding were as follows: temperature profile (from hopper
to nozzle) set at 175-180-185-185-190°C, mould temperature at
30°C, cooling time of 15 s, back pressure of 5 MPa, holding pres-
sure of 50 MPa, and dosing volume of 50 cm3. Switchover pres-
sure was recorded for each moulding and averaged for the
different composites. Materials were dried at 60°C (-40°C dew
point) overnight before processing.

2.3 Characterization

The recycled materials were subjected to several charac-
terization tests, both on pellets and injection-moulded spe-
cimens. Prior to the moulding process, the compounds
were analyzed chemically, thermally, and rheologically using
Fourier transform infrared (FTIR) spectroscopy, thermogra-
vimetry (TGA), differential scanning calorimetry (DSC), MFI,
and oscillatory and capillary rheometry. In addition, the
effects of the recycling process on the morphology (length,
diameter, and aspect ratio) of the reinforcing particles as well
as on the density and porosity of the composite materials
were assessed using microcomputed tomography and optical
microscopy. The injection-moulded samples were also evalu-
ated for a number of other attributes, including hygroscopi-
city, changes in appearance (colour and gloss), wide-angle

Figure 1: Screw profile configuration.
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X-ray scattering (WAXS), mechanical behaviour (hardness,
tensile, flexural, and impact strength), dynamic mechanical
thermal analysis (DMTA), heat deflection temperature (HDT),
Vicat softening temperature (VST), thermal diffusivity, and
thermal expansion.

FTIR spectra were obtained using a Spectrum 100 spec-
trophotometer from Perkin Elmer, under attenuated total
reflectance mode with a zinc selenide single bounce crystal.
Each spectrum was recorded with 64 scans at a resolution of
4cm™, covering wavelengths between 4,000 and 600 cm ™.

Rheological behaviour was assessed using both oscillatory
and capillary rheometry. For realization tests in the oscillatory
mode, the AR G2 rheometer from TA Instruments, with par-
allel plates of 25 mm diameter, was used. The oscillatory tests
were conducted in a nitrogen environment at 190°C, and with
a 25mm gap. The strain sweep mode was used for preli-
minary testing so that subsequent experiments take place in
the linear viscoelastic (LVE) region. The range of strain in
these tests was 0.1-5%. In the LVE region, angular frequency
sweeps between 0.01 and 100 rad-s* were carried out at 0.5%
strain. Dynisco LCR 7000 rheometer was used for capillary tests.
A capillary die of 2 mm diameter (D) and L/D = 20 was applied.
The presented results were subjected to the Rabinowitsch cor-
rection, while the Bagley correction was omitted due to the use
of a die with a high L/D ratio. The applied temperature for the
capillary test was 190°C. Furthermore, MFI of each material was
determined according to ISO 1133 on a Kayeness Inc. 7053 appa-
ratus (Dynisco Company) using a load of 2.16 kg and a tempera-
ture of 190°C.

The thermal properties of the materials were obtained
by DSC and thermogravimetric analysis using a Perkin
Elmer DSC 4000 apparatus and a Perkin Elmer TGA 4000
device, respectively. Nominal samples of 10 + 0.2 mg were
prepared using sealed aluminium crucibles under a
nitrogen atmosphere for DSC analysis. Thermogravimetric
experiments were performed between 30°C and 900°C by
heating the samples at 10°C-min"" in open alumina crucibles,
while DSC measurements were performed from 30°C to
200°C at the same heating rate and with two heating cycles.
Melting temperatures were determined for both cycles (T
and Ty, respectively) and crystallization temperatures (T,)
for the cooling step. Finally, the enthalpies of melting and
crystallization (Hy,;, Hy,, and H,) were also calculated and
used to obtain the degree of crystallinity (y), as from Eq. 1:

1 AHy,
= - ——-100 1
1-my AH, M

X

DSC was also applied to determine the oxidation induc-
tion time (OIT) according to the standard ISO 11357-6. For
this purpose, the samples were heated from 30°C to 220°C
(heating rate 20°C'min™") under nitrogen flow and then
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kept at 220°C for 5min in nitrogen; the gas was then
switched to oxygen, and the time required for sample oxi-
dation was measured.

WAXS tests were carried out with Pan-analytical Empyrean,
Almelo (Netherlands) equipment with the copper anode (Cu-Ka
— 154 A, 45KV, and 40 mA) in the Bragg-Brentano reflection
mode configuration. The measurement parameters were
adjusted to 3-60° 2 theta, with a 45s per step 0.05°. Applying
the deconvolution procedure using the Lorentzian function
allows the separation of the amorphous and crystalline com-
ponents from the obtained diffraction patterns. The crystal-
linity has been calculated according to Eq. 2 [43]:

A
— T .100% @)

X =
'WAXD Acr + Aam

where A, is the sum of the area of scattering from the
crystalline phase and A,y is the sum of the area of amor-
phous scattering of tested PE-based samples.

For injection-moulded specimens, HDT was determined
according to ISO 75 (heating rate of 120°Ch™ and load of
1.8 MPa). The VST was measured at a load of 50N and a
heating rate of 50°Ch™ according to ISO 306 B50. The TPC/
3 TOP VST/HDT device was used for both tests, with a
minimum of three measurements for each series to average
the results.

A modified Angstrém method was used with a Maximus
instrument (Poznan, Poland) to analyze the thermal diffu-
sivity, following a procedure outlined by [44]. The samples
were heated at 400 s using a 23 V charge on the microheater
during the experiment. Thermal diffusivity (D) is deter-
mined by Eq. 3, which involves thermal conductivity (),
density (p), and specific heat capacity at constant pressure
(cp) [45].

A

D= 3
G p

Thermal expansion tests were conducted using the
Netzsch Hyperion TMA 402 F1 device, heating at 2°C-min*
with 100 mL'min~" argon flow. Measurements covered
-100°C to 100°C, split into -100°C to 25°C and 25°C to
100°C, applying 0.01N force. Analysis was done with
Netzsch Proteus software.

The variation in filler morphology was assessed before
and after recycling of the composites using the method
described in a previous publication [40]. Images were taken
with a high-resolution flatbed scanner, Canon CanoScan
LiDE 400, at 4,800 dpi and analyzed with Image] software
to determine the length, diameter, and aspect ratio of the
lignocellulosic fibres and particles.

The impact of recycling on the filler distribution and
porosity of the injection-moulded samples were evaluated
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using X-ray tomography, model v|tome|x s240 (Waygate
Technologies/GE Sensing & Inspection Technologies GmbH),
with the following specific settings: 150 kV voltage and
200 pA current for the Microfocus X-ray tube, 150 ms expo-
sure time per image, and 123 pm voxel size.

The density of the materials was measured according
to ISO 1183 using Archimedes’ principle. This was done
using a methanol medium at room temperature on a
Sartorius AG precision balance. Each sample was subjected
to five measurements to obtain a mean value and standard
deviation.

The water absorption test, as per ISO 62, involved
soaking the samples in deionized water at 23°C and mea-
suring their weight until a stable mass was achieved. The
water absorption (W) was calculated using Eq. 4 on three
replicas of each sample.

Wo

W -
W(%) = ———

: 4
W 100 @

Fick’s law was used to determine the rate at which
water is absorbed, also calculating the diffusion coefficient:

k-h
4- Wy,

D=g- (5)

In the aforementioned formula, D represents the diffu-
sion coefficient, h is the original sample thickness, Wy, is
the maximum moisture absorbed, and k is the initial slope

of the water uptake curve versus t"%

Wi- W
k=——% 6
NN ®)

Tensile and flexural tests were carried out using a
Lloyd LS5 universal testing machine according to ISO 527
and ISO 178 standards, with five replicas for each material
and test type. In both cases, the tests were done at a strain
rate of 2mm'min* to determine the elastic moduli and
10 mm-min ™ to evaluate the ultimate strengths. Impact strength
was measured on notched specimens using a Ceast Resil impact
machine in Charpy mode per ISO 179-1/1eA:2023, with a 7.5]
pendulum, 62 mm span, and 3.7m-s™ impact speed, with 10
specimens tested. Ball indentation hardness was measured
according to the ISO 2039 standard using a KB Priiftechnik
device, with at least seven measurements per material series
and a load of 132 N. Average values and standard deviation are
provided for all properties.

DMTA was used to assess the thermo-mechanical prop-
erties of each material using a Tritec 2000 device (Triton
Technology). The evaluation was conducted under the
single cantilever bending method, applying a strain of
10 um at 1Hz frequency and a heating rate of 2°C:min"
over the temperature range of -100°C to 100°C. From the
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DMTA results, the brittleness (B) and the adhesion factor
(A) of the different materials by using Eqs. 7 and 8 as
proposed by Brostow et al. [46] and Kubat et al. [47],
respectively, were calculated.

1
B= 7
o £ )

where ¢, is the elongation at break and E' is the storage
modulus, both at room temperature.
1 tan 8¢

A= : -1 8
1-x tan &p ®

In Eq. 8, yr is the volume proportion of the filler in the
composite, and tan §¢ and tan Spg are the damping factors
of the composite and the matrix.

The entanglement factor (N) and reinforcement effi-
ciency (r) were also assessed to measure the strength of
the filler-matrix interaction. The entanglement factor (N)
is calculated as follows:

E

= 9
R T €))

N

In this case, R is the universal gas constant and E' is the
storage modulus at a specific temperature (7), in Kelvin.

Finally, the reinforcement efficiency (r) is determined
from the ratio between the storage modulus of the compo-
site (E/) and the matrix (Ep), taking into account the
volume fraction of the filler (Vy):

E/=E, 1+1 %) (10)

Changes in the aesthetic appearance of the materials
after reprocessing were evaluated by optical spectroscopy,
using a HunterLab Miniscan MS/S-4000S spectrophotometer
for colour measurement (L*a*b* coordinates), and a Test An
DT 268 glossmeter for determination of gloss according to
ISO 2813 at measuring angles of 20°, 60°, and 85°. The total
colour difference parameter (AE*) is determined as shown
in Eq. 11:

AE* = [(AL*)* + (Aa")? + (Ab")*]° 1

3 Results and discussion

3.1 Chemical structure and composition

Reprocessing of polyolefins and polyolefin-based compo-
sites is associated with the formation of various functional
groups that indicate oxidative degradation. FTIR analysis
has revealed increases in absorption bands corresponding
to carboxylic acids, ketones, aldehydes, alcohols, and
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ethers. These peaks suggest ongoing oxidation and break-
down of the polymer matrix and reinforcing fibres, parti-
cularly evident after multiple cycles [36,48]. The intensity
and presence of specific peaks in the spectra can change
substantially after several reprocessing cycles. For instance,
the increase in absorption bands associated with oxidative
degradation can show more significant oxidation levels in
composites with repeated processing. Such oxidation pro-
files can be quantified by measuring peak heights and areas
as indicators of degradation [49].

Figure 2 shows the changes observed in the FTIR spectra
for the original and recycled materials. The peak patterns
are very similar, with only minor variations among the
different formulations of composites, both before and after
recycling. Comparable results were reported by Bhatta-
charjee and Bajwa after six recycling cycles on HDPE com-
posites filled with 30% wood flour [50] and by Fonseca-
Valero et al. for five-cycle reprocessed HDPE-matrix compo-
sites with 48 wit% of cellulose fibres [49]. The broad band attrib-
uted to the O-H groups in the range of 3,600-3,000 em”?, which
was originally more intense in composite materials with 40%
lignocellulosic fillers, completely disappears in all formulations
after reprocessing. Meanwhile, the C—H peaks characteristic of
HDPE-based composites, wavenumbers around 2,920, 2,850,
1,470, and 720 cm”%, are still present even after the reprocessing
cycles. This is consistent with the literature, where several stu-
dies have demonstrated the oxidation resistance of HDPE [23].

On the other hand, the vibration band peak in the
double bond region (above 1,500 cm™) also disappears
after recycling. The same trend is observed for the peaks
in the fingerprint region from 1,400 to 750 cm ™. The high-
intensity peak at 1,016 cm ™, which shows the C-O group
of cellulose in the original composites, does not
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completely disappear, but its signal is greatly attenuated
after reprocessing.

This flattening of fingerprint characteristic absorption
bands originating from the lignocellulosic filler may be related
to a more homogeneous composite structure. Macromolecules
of polyolefins subjected to multiple processing are shortened,
which causes a decrease in the polymer viscosity [51]. The
proposed analysis method is based on measurements per-
formed for the injected surface of the samples. Due to the
shortening of the fibre length and changes in the rheological
properties, the surface of the injection moulded reprocessed
sample reveals a homogeneous polymer skin layer without
filler inclusions. It should be emphasized, however, that in
the case of none of the analyzed samples, the appearance of
additional absorption bands was noted in the range of the
formation of carbonyl groups (1,600-1,800 em™), thus
meaning that no changes related to intensive degradation
changes of PE matrix have aroused [52].

3.2 Rheological behaviour
3.21 MFI

From a rheological perspective, the processing stability of
thermoplastic compounds can be assessed by examining
changes in MFI [24] and, consequently, by observing fluc-
tuations in V/P switchover pressure (changeover from the
velocity to pressure control) during injection moulding
[53]. The MFI of polymers tends to increase with recycling,
indicating changes in molecular weight and flow beha-
viour. This increase may be attributed to chain scissions,

30%
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Figure 2: FTIR spectra of original (cycle 0) versus recycled composite (cycle 6) with (a) fibre and (b) shredded fillers.
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in which polymer chains are broken down into shorter
lengths, which can lead to increased susceptibility to oxi-
dation. From the injection moulding side, it is worth high-
lighting that a steady feed in the plasticizing process is
necessary to ensure product quality in terms of homoge-
neity, operational stability, and production speed. While
continuous reprocessing of high- or low-density PE results
in more difficult injection moulding due to a progressive
decrease in MFI [54], the incorporation of Arundo fillers
into the thermoplastic matrix not only does not increase
the difficulty of processing but also seems to make it some-
what easier. Thus, after the reprocessing cycles, all
material series show a slightly higher MFI, which is more
noticeable in the biocomposites with shredded reed filler,
as shown in Figure 3. Similar behaviour was observed by
Fonseca-Valero et al. [49], which they attributed to the
cellulose fibre degrading as a result of shear stresses, com-
pression, and elongation on the melt during reprocessing.
The size reduction of the lignocellulosic fillers, which was
confirmed by microscopic observation and measurement,
as described later, contributed to this behaviour.

Therefore, when comparing pure HDPE with PE.F40-r
series, the required moulding pressure is only about 40%
higher after recycling due to an increase in the melt flow
rate and homogenization of the material blend. Any com-
posite formulation resembles the behaviour of the PE
matrix in this respect and shows no noticeable signs of
deterioration.

Several studies on natural fibre-reinforced polyolefin
composites have found an increase in viscosity as a result
of chemical treatments to improve the matrix-reinforce-
ment interface [55]; also lubrication effects produced by
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coupling agents have been reported [56]. However, it has
also been concluded that these effects largely disappear
with recycling cycles [57]. The lack of binding additives
or treatments in the HDPE-Arundo compounding favoured
a slight improvement rather than a worsening of proces-
sability throughout the closed-loop recycling.

3.2.2 Oscillatory and capillary rheometry

The rheological properties, which directly influence the moulding
process, are assessed by rheological curves obtained by oscilla-
tory (Figure 4) and capillary rheometry (Figure 5).

Different behaviours were observed depending on the
geometry of the measuring system, which resulted from
the characteristic flow properties of filled polymeric sys-
tems. From oscillatory rheology tests, it can be seen that
fibrous composites tend to increase viscosity, while com-
posites with shredded material show a lower impact on
complex viscosity, which can be related to the lower ability
of this filler to create a 3D physical network of hindered
particles in composite melt compared to fibres. In all sam-
ples, a predominant viscous character is evidenced by a
higher loss moduli compared to storage one. Fibrous com-
posites tend to increase the storage modulus with repro-
cessing along the angular frequency analyzed, while the
series with shredded materials show the opposite beha-
viour. In any case, the differences between the curves
before and after recycling decrease with increasing filler
and are lower for fibrous composites than shredded plant
material. Finally, no significant changes in the rheological
behaviour of the pure PE were observed, supporting the
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Figure 3: MFI and switchover pressure variation for the different materials.
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Figure 5: Capillary rheology results: Shear viscosity vs shear rate.

FTIR observations by showing that the matrix does not
undergo oxidation or cross-linking as a result of reprocessing.

In addition, from capillary rheology tests (Figure 5), it
was found that both before and after reprocessing, the
fibrous composite materials were characterized by slightly
lower viscosities compared to the shredded ones. This may
be because the fibres can align more easily in the direction
of flow [58,59]. Finally, the flow resistance of the composites

with 40% filler after recycling is almost identical regardless
of the type of filler.

3.3 Thermal behaviour
3.3.1 TGA

The thermogravimetric analysis (Figure 6) shows that all
compounds remain thermally stable, even after recycling,
up to approximately 40°C above the processing tempera-
ture, despite a small weight loss (lower than 2%) upon
reaching 160°C, which is only noticeable in the 40% loaded
composites, and probably due to an initial degradation of
the lignocellulosic fillers after multiple reprocessing. Simi-
larly to the original composites, the thermal stability of the
recycled compounds varies depending on the loading
percentage, regardless of the type of filler, with the first
degradation peak (from derivative thermogravimetry
[DTG]) occurring around 350°C. The PE.F40-r and PE.S40-r
formulations undergo a faster degradation, resulting in a
mass loss of around 25% at this initial peak, related to the
biomass degradation; however, the composites with 20%



DE GRUYTER

100 1

90 4

Mass [%]

80

70 4

60 4

50

40 A

30 A

20 4

0 . - =
0 100 200 300 400 500 600 700 800 900

Temperature [°C]

(@

Figure 6: (a) TG and (b) DTG curves pre- and post-recycling processes.

lignocellulosic material degrade at a much slower rate; this
is following the same trend observed in the nonrecycled
materials. Thus, the increase in the amount of plant filler
correlates with a higher weight loss due to thermal degrada-
tion of said filler, as expected. In any case, the most signifi-
cant peak occurs when the decomposition temperature of
the HDPE matrix is reached. After the recycling cycles, this
point is delayed by about 30°C for all materials due to the
removal of volatile or labile compounds during the previous
processing [50,56,60]. Regarding the residual mass after
reaching 900°C, also the composite with 40% fibres is the
only one in which the amount of inorganic compounds pre-
sent after carbonization exceeds 5% of the initial mass.

3.3.2 DSC
Based on DSC results, it can be seen that the recycling
process minimally affects the temperatures of the phase

transitions. When analyzing the thermal behaviour before
and after reprocessing, it is noted that there are no major

Table 1: DSC test results for all materials before and after reprocessing
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DTG [%/min]

-10

100 150 200 250 300 350 400 450 500 550 600

Temperature [°C]

(b)

variations in melting temperatures, with Ty, in the range
0f 134.6-135.6°C for all materials, and only a minimal rise in
crystallization temperatures, less than 5°C for recycled
ones, as shown in Table 1. These findings align with pre-
vious research on HDPE-based composites, indicating that
neither the presence of lignocellulosic materials nor repro-
cessing cycles significantly influence melting and crystal-
lization temperatures [61,62].

On the other hand, it has been observed that neat HDPE
experiences a decrease in the enthalpies of melting and crys-
tallization after going through reprocessing cycles,
whereas the lignocellulosic-filled materials exhibit a
noticeable increase of 20-40% in energy flow compared to
the original composites. The composite materials also show
a slight increase in their degree of crystallinity, which can be
attributed to the reduction in particle size and its nucleation
effect, as described by Chen and Yan [63]. These authors
correlate the nucleation ability of lignocellulosic fibres in
HDPE-based composites (without any coupling agent) not
only with their topography, surface energy, wettability,
and chemical composition but also with the presence of

Material T (°C) Tm2 () Tc(°Q) BHmi (g BHma(lg™)  BHc(g")  x1(%)  x2(%)  OIT (min)
PE 132.7 1353 112.9 175.4 172.6 1933 59.9 58.9 36.8
PE.F20 136.9 134.7 111.5 118.7 125.8 135.8 50.6 53.7 51.3
PE.F40 132.7 133.9 1131 108.6 109.5 108.4 61.8 62.3 76.1
PE.S20 137.2 136.2 1.1 119.4 128.4 140.8 50.9 54.8 45.4
PE.S40 133.0 135.0 1121 76.4 79.8 82.5 43.5 454 271
PE-r 134.6 135.6 116.5 142.7 164.6 165.2 48.7 56.2 7.9
PE.F20-r 135.6 135.5 1141 156.5 156.4 164.1 66.8 66.7 19.3
PE.F40-r 136.8 135.6 113.5 134.2 152.5 155.2 76.3 86.8 29.4
PE.S20-r 133.9 135.0 114.5 139.3 165.2 172.5 59.4 70.5 18.1
PE.S40-r 136.4 134.6 117.0 101.9 96.6 95.7 58.0 55.0 11.8




10 —— Luis Suérez et al.

fibres of very short length (1.15 + 0.86 mm), in the same size
range used in the present work.

333 oIT

The reprocessing of polymer composites can have profound
effects on their oxidation stability. Thermal processing
can cause oxidation of polymers, which can be accelerated
by factors such as high processing temperatures and
extended residence times in the extruder [64]. Prolonged
exposure to high temperatures near decomposition points
can result in the formation of decomposition products that
further alter material properties. Thus, degradation
resulting from repeated exposure can lead to weaker bonds
and unsaturated structures, which negatively impact the
composites’ mechanical properties and thermal stability
[50]. During the first processing cycle, the reed fibre
increased the oxidation time of the polymeric compounds
(Table 1), even duplicating it in the case of 40% loading
with respect to neat PE. After recycling, a drastic reduction
in OIT was observed for all materials. However, the formu-
lation with a higher Arundo fibre content managed to
counteract this effect by only 20% compared to the
virgin polymer matrix. Therefore, the Arundo-derived fillers
are providing interesting stabilizing features to the PE
matrix, due to their content in phenolic groups, mainly
coming from lignin; other researchers have recently pro-
posed the use of postconsumption coffee or tea solids or
spent brewery grains as a way to valorize these residues
while becoming a source of antioxidant stabilizing the
polymer [60,65,66].

2.00E-06

DE GRUYTER

3.3.4 Thermal diffusivity

Few studies have been found in the literature on the para-
meters of thermal diffusivity and how it relates to the
dimensional stability of lignocellulosic composites [67].
For some applications, however, it may be very interesting
to analyze the heat transfer rate through the material.
Figure 7 shows the mean values and standard deviation
of the thermal diffusivity of PE and reed composites in
injection moulded parts with the original materials and
after several thermo-mechanical processing cycles. After
the first cycle, only the PE.F40 series showed a significant
increase in heat transfer rate, while after reprocessing, all
lignocellulosic composites show an increase in their
thermal diffusivity.

3.3.5 Thermal expansion

The results of the thermomechanical analysis (TMA) show
the changes in length (dL/Ly) and thermal expansion coef-
ficients (a) of the different materials before and after
reprocessing, determined in three temperature ranges
(-100°C to 25°C; 25°C to 100°C; =100°C to 100°C). Figure 8a
shows that the introduction of lignocellulosic reinforce-
ment contributes to the higher dimensional stability of
the original composites over the entire analyzed tempera-
ture range compared to the PE matrix. The decrease in
thermal expansion is more significant in fibrous compo-
sites and particularly in those reinforced with 40% Arundo
fibres. This seems to be related to the formation of a net-
work of physical interactions between the dispersed fibres

1.50E-06 4

1.00E-06 4

Thermal Diffusivity, D [m?%/s]

5.00E-07

0.00E+00

&

Figure 7: Thermal diffusivity of PE-Arundo composites.
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within the matrix that significantly restricts their mobility
and greater consistency to create 3D steric hindrances in
the sample volume, as described in the previous work [67].

Regarding the recycling effect on the variation of rela-
tive length change, reprocessing leads to a slight increase in
the dimensional variation of the composites with tempera-
ture due to the shortening of the fillers and consequently, a
lower restriction in the mobility of the polymer matrix.
However, the material with 20% shredded reed shows an
opposite behaviour above -16°C. Thus, over the entire tem-
perature range, this formulation (PE.S20-r) shows an almost
identical trend to the composites with 20% fibrous filler
after reprocessing (PE.F20-r). This is in agreement with the
results of the morphological analysis of the composites with
a lower proportion of fillers, as well as with the thermo-
mechanical performance of both formulations loaded at
20% after recycling. The higher shortening rate of fibres
after multiple extrusions leads to an equivalent perfor-
mance to that of composites made from shredded reed.
From this perspective, it can be concluded that the use of
shredded reed as reinforcement in low-load composite
materials is a more cost-effective option when reprocessing
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is considered, taking into account the more economical and
sustainable nature of its production process [37].

In terms of thermal expansion coefficients, only neat
HDPE and the 20% shredded series show a significant reduc-
tion in a over the entire temperature range. If we limit the
analysis to the most likely temperature range for conventional
use (-100°C to 25°C), PE-r shows a reduction in a of 13%, while
PE.S20-r reduces this factor by 35%, as shown in Figure 8b. The
other formulations keep similar expansion coefficients in this
interval even after recycling and expand to a greater extent
when the temperature is increased beyond 25°C.

3.4 Mechanical and thermo-mechanical
performance

3.4.1 Deflection and softening temperatures

It was found that thermo-mechanical performance evalu-

ated in static load conditions and non-isothermal condi-

tions, such as HDT and VST, were significantly affected
by successive reprocessing, as shown in Table 2. Both
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Figure 8: TMA results: (a) changes in length and average coefficients of thermal expansion within temperature intervals of (b) =100°C to 25°C,

() 25-100°C, and (d) —=100°C to 100°C.
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properties are reduced after recycling for all series,
starting to deform under load at lower temperatures
(between 4.2°C and 9.4°C below), with the effect being
more noticeable in composites with higher lignocellulosic
filler loadings. This effect is consistent with the results
reported by Bhattacharjee and Bajwa [50], where a similar
trend in the evolution of thermo-mechanical properties
after six reprocessing cycles of HDPE-based composites
was found, but contrasts with the results of the same
authors regarding the effects of continuous recycling on
the remaining stiffness properties: tensile modulus, flex-
ural modulus, and storage modulus.

3.4.2 Mechanical properties

Figure 9 shows an overview of the variation in the mechan-
ical properties of the original and reprocessed materials. If
we look at the stiffness under quasi-static tensile and
bending tests at room temperature, increases of up to
50% and 200%, respectively, are observed for the PE.S40-r
series. Similar rigidity gains, even at higher absolute values,
are achieved for composites with 40% fibres. Meanwhile,
recycled materials with lower biomass content are also
moderately stiffer (up to 30% in flexural modulus). Ultimate
tensile and flexural strength results are as well slightly
above the initial values for all series, with all variations

Ball indentation
hardness [N/mm?]

Flexural elastic
modulus [MPa]

Flexural ultimate
strength [MPa]

Impact strength
(kl/m?]
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being statistically significant as a function of both the type
and the amount of filler following analysis of variance and
Tukey’s post hoc tests (Supplementary Material). The stif-
fening in recycled composites is mainly due to the predomi-
nance of cross-linking reactions in the polymer matrix struc-
ture [68] since no improvement in phase bonding was
observed as a result of thermo-mechanical reprocessing fol-
lowing the adhesion factor (A) calculated from the DMTA
tests.

The increased cellulose filler content contributes to the
stiffening of the polymeric material in the original compo-
sites with both types of fillers as a result of the distribution
of stiff filler structures in the boundary layer [38]. The
recycling process leads to a further increase of this property
for all series due to the increase in the rigidity of the matrix.
It is observed that the elastic modulus for the original mate-
rial is more dependent on the type of filler, while this trend
changes for the recycled materials. This is presumably a
consequence of the smaller size of the rigid particles and
the lower aspect ratio of the fibres, which explains the
reduced difference in the elastic modulus between fibres
and shredded samples series. Therefore, the aspect ratio
has a more pronounced impact on stiffness than the type
of filler. Regarding the impact strength, the results of the
prior research indicating that a higher MFI lowers the
toughness of composites [69] are supported by the correla-
tion between increased flowability and lower impact

Tensile elastic PE
modulus [MPa]
PE.F20
3000
PE.F40
PE.S20
PE.S40
- == PEr
= = = PE.F20-r
Tensile ultimate = = = PE.FA0-r
strength [MPa]
) — - — PE.S20-r
— = — PE.S40-r

Figure 9: Overall results on the mechanical properties of the original and reprocessed materials.
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resistance after reprocessing. As in the first injection
moulding, composites with fibrous fillers have higher
impact strength than those with shredded material after
reprocessing.

3.4.3 DMTA

DMTA provides valuable information on the viscoelastic
behaviour of thermoplastic composites at different tem-
peratures and loading rates. By measuring dynamic para-
meters such as storage modulus (E"), loss modulus (E”), and
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damping factor (Tan 6), which are temperature dependent
and reveal insights into the interfacial bonding between
the fillers and polymer matrix, it is possible to emphasize
the rheological behaviour of NFC in terms of energy dis-
sipation under cyclic load [70].

During the first moulding (cycle 0), it was found that
all composite series produced higher storage modulus than
neat HDPE, meaning that plant fillers stiffen the matrix
over the studied temperature window [38]. After the repro-
cessing (cycle 6), the composites, as well as the PE matrix,
undergo an even greater rise in storage moduli that reach
average values 64% higher than those of the original
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Figure 10: Variation of (a) storage modulus, (b) loss modulus, (c) loss factor, (d) adhesion factor, (e) entanglement factor, and (f) reinforcement
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materials at -60°C, increased by 49% at -20°C and 37%
above at 20°C (Figure 10a). It is worth noting that, com-
pared to the initial processing stage, after recycling, the
type of filler is more decisive in the evolution of storage
modulus than the loading amount for the range of tem-
peratures studied. The defibrillation and entanglement of
the reed fibres within the matrix favour stress transmis-
sion largely than the irregularly shaped particles of the
shredded filler.

Both the recycled Arundo composites and HDPE matrix
show higher loss moduli than the original materials
(Figure 10b), which means that reprocessing provides a
lower elastic recovery and a more predominantly viscous
behaviour, as observed in the rheological analysis. Max-
imum loss modulus values occur at about 60°C for all
recycled series, with the higher loading composites shifting
this value about 7°C lower compared to the first processing
cycle. This temperature represents the a-relaxation, asso-
ciated with an interlamellar shear process of HDPE, which
is usually in the range from 20°C to 70°C [71]. This peak in
E" curve corresponds to the transformation from the rigid
phase to the viscous state and represents the highest ser-
vice temperature for composite applications, which is con-
sistent with the results observed from the HDT and VST
tests.

The o-transition is also observed as an inflection in the
curves in tan § plots (Figure 10c). Loss factor curves show
another inflection point between 0°C and 10°C, which can
be attributed to the slippage or relaxation of the crystalline
regions in PE, rather than the glass transition of the amor-
phous regions [72,73]. Although no significant variation of
loss factor was observed in the temperature range from
-100°C to this inflection point, all series show an increase
in tan 6 beyond it. This trend is opposite to that found by
Ramzy [74] when recycling hemp and sisal reinforced PP
composites and indicates a deterioration in fatigue perfor-
mance of HDPE-Arundo composites after recycling.

The brittleness (B) of the different formulations at 25°C
is reduced by about 60% for all composites, except for the
PE.F40-r series, which only improves this mechanical prop-
erty by about a third as shown in Table 2. The main reason
for this different behaviour is the lower increase in ducti-
lity for materials with 40% fibre content after thermo-
mechanical processing. The elongation at break (gp,) of
the PE.F40-r series is only 15% higher than that of PE.F40,
while the other composites can achieve elongations
70-90% longer compared to the original materials. The
relative increase of the entanglement factor together
with the higher stiffness of the fibres, in a higher weight
ratio, might explain the lower change in the stretchability
of these samples despite the reduction in the fibre size.
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The adhesion of reinforcing materials in NFC depends
on the affinity between the phases. It is well known that
polyolefins have a nonpolar and hydrophobic character,
and a difference in polarity with respect to plant fibres
causes a deterioration of mechanical properties of compo-
sites [75]. Since lower values of A indicate higher interfa-
cial adhesion [76], it can be deduced from Figure 10c that
this condition is only met when reprocessing 20% fibre
material. The remaining reed composites seem to show
weaker adhesion after reprocessing. This could be due to
thermo-oxidative degradation of cellulose fillers over mul-
tiple reprocessing cycles as demonstrated by Fonseca-
Valero et al. [49].

Entanglement factor (n) and reinforcement efficiency
(r) have been also used to assess the degree of intertwining
of fibres within the matrix and how effectively the plant
fillers enhance the composite’s strength. As with the ori-
ginal material, fibre composites with lower loading have
the highest intertwining factor after the closed-loop recy-
cling process (Figure 10e), which could be related to the
more brittle character described earlier. In terms of rein-
forcement efficiency, the better mechanical performance
of the fibrous composites is once again confirmed, being
the 20% the only series providing a clear positive change
after reprocessing in reinforcement efficiency, while the
entanglement factor increases for all composites due to
the higher homogeneity achieved.

3.5 Morphological analysis
3.5.1 WAXS

Figure 11 shows X-ray diffraction patterns of the PE and its
composites obtained by injection moulding before (black
line) and after six reprocessing cycles (red line). In the case
of all WAXS patterns, characteristics for PE reflections at
21.4°, 23.8° 29.3° and 36.2° are observed, which correspond
to crystal planes (110), (200), (210), and (020) results from
the orthorhombic characteristic of crystalline structure
developed in the polymer [77,78]. In the case of pure PE,
additional diffraction reflection is observed in the plane
(010) at 19.4°, corresponding to the developed monoclinic
phase [78]. Taking into account the diffractometric charac-
teristics of the used filler described in our earlier work [37],
the change in the shape of the WAXS pattern of composite
samples is justified. In the case of shredded and fibrous
reed-based fillers, broad diffractometric peaks with a max-
imum at 2 = 22-23° are observed at (002) crystallographic
plane originated from cellulose I [79] and (101), attributed
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to crystalline cellulose phase [80]. In the case of composite
materials, the maximum intensity of the diffraction peaks
was limited; the higher the filler content, the lower it was.
This effect was more pronounced for the shredded mate-
rial. The sixfold reprocessing increased the intensity of the
observed diffractometric peaks for all the given materials.
Figure 12 presents the crystallinity values calculated
according to Eq. 2. The introduction of lignocellulose fillers
reduced the crystallinity of the original materials. These
results are in line with those reported by Sewda and Maiti
[81]. However, it should be considered that the external
layer of the materials formed was studied at very high
cooling and shear rates, which may influence the crystal-
line structure at the sample surface due to the effects of
frozen-in molecular elongation and lamellae orientation
[82]. Moreover, solidification conditions different from
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Figure 12: WAXS-based crystallinity of PE and its composites before and
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those in the case of samples tested by DSC may provide
differences in the values determined by those analytical
techniques. Considering the determined crystallinity based
on diffractometric analysis results (Figure 12), an opposite
trend can be observed in the case of pure PE and compo-
sites in the change of the degree of crystallinity induced by
reprocessing, which is in line with the DSC results from the
first heating. In the case of PE, reprocessing probably
caused an intensive chain scission phenomenon, leading
to the shortening of macromolecules and, due to degrada-
tive changes, an increase in the share of amorphous
domains. The phenomenon of partial shortening of main
PE chains probably also took place in the case of reed-filled
materials. However, in this case, the effect of increasing
crystallinity is observed. It suggests that macromolecules
with lower molecular weight were more susceptible to
heterogeneous nucleation caused by dispersed polymeric
matrix fillers.

3.5.2 Particle size assessment

Filler size and distribution are some of the most influential
parameters on both the mechanical performance, water
uptake and thermal behaviour of short fibre-reinforced
polymer composites. Figure 13 shows how the aspect ratio
of Arundo fibres decreases after reprocessing, while for
shredded reed it remains largely unchanged at lower
values. The variation in aspect ratio is a consequence of
shortening of the fibre length due to mechanical reproces-
sing; this is reduced, on average, by a quarter of its initial
length. A similar length variation was reported by Lila
et al. after five cycles of extrusion and injection moulding
on bagasse fibre-reinforced PP [83]. The diameter of the
fibrous filler remains practically unchanged at around
125 microns, as an average value. Benoit, in her study on
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long-term closed-loop recycling of HDPE/flax composites,
found that fibre breakage occurs primarily during the first
cycles [57]. After a few reprocessing cycles, there is no
significant variation in either length or aspect ratio,
although a decrease in standard deviation is noted, indi-
cating that the distribution tends to become smaller with
recycling.

On the other hand, the shredded filler undergoes size
changes of the same order of magnitude in both length and
diameter. For this reason, the aspect ratio of the irregularly
shaped particles remains practically unchanged. The lower
reinforcement efficiency and impact strength of the
recycled shredded composites in comparison to the fibrous
ones can be explained by this difference in fillers size and
aspect ratio, as for the first injection moulding.

3.5.3 Density and porosity

The increased fibre content in PE-based composites gener-
ally results in higher density due to the mass contribution
of the lignocellulosic fibres. However, it is reasonable to
expect that the effective density might drop in comparison
to the original composite if the plant fillers deteriorate
during reprocessing. This effect could be accentuated in
cases where the surface and interfacial areas become com-
promised, resulting in weaker bonds. Thus, according to
some studies found in the literature, reprocessing can lead
to a reduction in the overall density of HDPE-based com-
posites due to the degradation of raw materials, especially
when the reinforcing cellulose fillers lose their structural
integrity and decrease in crystallinity over successive pro-
cessing cycles [68,84].

In this case, as expected due to the density of the fillers,
the more the lignocellulosic material in the composite, the
higher the density measured. However, when comparing
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Figure 13: Variations in (a) length and diameter and (b) aspect ratio of filler particles due to reprocessing.
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Figure 14: Average density and porosity of original vs recycled materials.

the density of injection-moulded samples in cycle 0 and
cycle 6, almost identical specific weights were measured
before and after recycling each material formulation, for
both fibres and shredded reed fillers. This is consistent
with the density progression reported on long-term
closed-loop recycling of HDPE/flax composites, in which
negligible fluctuations of density were also observed [57].
It should be mentioned that, in the present work, the ori-
ginal and reprocessed materials were moulded using the
same injection process parameters. Therefore, the lower
MFI in the recycled composites might have influenced
the compactness of the samples.

An increase in porosity due to the breakdown of fibre
structures, which could create gaps in the matrix, is
another possible effect of composites reprocessing. The
presence of voids not only affects the mechanical attributes

-
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but also the physical properties such as density or hygro-
scopicity. The porosity in Figure 14 is determined by X-ray
tomography on injection-moulded samples (80 mm long,
10 mm wide, and 4 mm thick). The most significant varia-
tions in the amount of trapped air voids were observed for
the 40% filler samples, with a reduction in the pore volume
of nearly 0.8% after five cycles of extrusion reprocessing
and subsequent injection moulding of the composites
(Figure 15).

3.6 Water absorption

Despite the hydrophobic nature of HDPE, which generally
saturates to less than 1% without significant swelling, NFC

PE.S20 PE.S20-r PE.S40 PE.S40-r

Figure 15: 3D computed tomography images presenting pores distribution.
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based on this type of thermoplastic matrix may present a
high level of water uptake influenced by the presence of
pores, gaps between the polymer and the reinforcing
phase, or micro-cracks affecting the water permeability
within the matrix/filler [27,62].

By adding plant fibres to the polymer matrix, the
water absorption capacity of NFC is significantly increased.
This is mainly due to the hydrophilic nature of lignocellu-
losic fibres, which makes these materials more susceptible
to swelling and dimensional instability. On the other hand,
reprocessing significantly influences the water absorption
properties of composite materials, particularly those rein-
forced with natural fibres. Some research works indicate
that with each successive reprocessing cycle, the water
absorption rate and capacity of composites tend to
decrease [85]. For instance, a study on mechanical recy-
cling of biobased PE-agave fibre composites found a reduc-
tion of approximately 11% in maximum water absorption
capacity between the first and fourth cycles [86]. The
smaller size of the fibres and their better dispersion within
the matrix as the number of cycles increases are respon-
sible for this decrease, as they improve the encapsulation
of the filler and reduce the voids between the two phases of
the composite.

Figure 16 shows the water absorption during 4 weeks
of immersion in distilled water at room temperature for
moulded parts made from the different studied materials
in cycle 0 and cycle 6. Maximum water absorption typically
occurs over long periods; Gonzalez-Aguiar reported a time
0f 1,000-1,200 h for saturation of PE biocomposites with up
to 50% agave fibres [86]. Apart from neat HDPE, which has
negligible absorption rates, the composites with the lowest
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amounts of filler, PE.F20-r, and PE.S20-r, were the first to
reach the equilibrium point with a saturation level of
around 1% after barely 2 weeks, which is 55% and 41%
less than before reprocessing, respectively. Meanwhile,
the PE.S40-r series is the one that shows the greatest
decrease in the water uptake, going from a maximum
absorption of over 8% after a month of soaking for the
original material to only 3.3%. The fibrous composite
with the highest loading amount, on the other hand, also
reduces its absorption capacity, but only by one-third com-
pared to the initial value.

Table 3 shows the variation of other parameters
related to the hygroscopicity and kinetics of water absorp-
tion, such as the Fick diffusion coefficient, swelling, sorption,
or permeability. Regarding the swelling of the samples at the
end of the test, the trend is similar to that found for water
uptake. The composite with 40% reed fibre shows the
greatest thickening variation before and after recycling.
Except for this sample series, the reduction in swelling is
about half compared to the original material.

All samples followed a Fickian-type behaviour with
diffusion coefficients in the recycled materials slightly
higher than those obtained in the first injection moulding.
Water sorption shows the ratio between the mass of water
absorbed by the sample and the weight of the sample itself,
considering both diffusion and percolation mechanisms. It
was found that water sorption capacity depends mainly on
the amount of Arundo filler. While there is no difference
after recycling between composites with 20% fibre or
shredded composite, in those with 40% reed, fibre compo-
sites show the highest sorption level. Regarding the perme-
ability, obtained by the combination of sorption and
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Figure 16: Evolution of water uptake vs time for the original and the reprocessed materials.
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Table 3: Variation of water uptake parameters

DE GRUYTER

Material k (%/s°%) D (m*s™") n swelling (%) Sorption (g-g™") Permeability (m*s™)
PE 3.53x107° 262 %1073 0.12 11 0.001 3.44 x 107
PE.F20 1.61x 1073 3.56 x 107 0.36 33 0.024 8.52 x 107"
PE.F40 4,98 x 1073 270x107" 0.40 8.3 0.089 240 x 107
PE.S20 110 x 1073 2.84 %1073 0.29 2.3 0.018 522x 107"
PE.S40 4.88 x 1073 2.90 x 107 0.38 6.6 0.083 239 x 107
PE-r 110 x 107 2.91x107 0.06 0.5 0.002 6.82 x 107
PE.F20-r 8.09 x 107 4.40x107" 0.33 1.4 0.011 476 x 107"
PE.F40-r 3.86 x 1073 350 x 107 0.42 5.5 0.058 2.02x 107
PE.S20-r 6.29 x 107* 270 x 107" 0.25 12 0.011 2.92x107"
PE.S40-r 219 x 1073 336 %107 0.41 3.0 0.034 113 x 107

diffusion attributes, it is interesting to note that despite a
worsening of this property for the HDPE matrix, all com-
posites show a reduction in permeability after the closed-
loop reprocessing. These results are comparable to those
reported by Jubinville when analyzing HDPE-based compo-
sites reinforced with hemp hurd. In this study, it was found
that beyond 15% loading, the absorption kinetics of the
cellulosic phase becomes more important than that of the
matrix. Composites with 50% hemp showed the highest
diffusion and permeability coefficients due to the incapa-
city of the matrix to efficiently encapsulate the hydrophilic
material and contain moisture penetration [62].

3.7 Colour and gloss evaluation
Reprocessing often leads to significant changes in the visual
appearance of NFC. For instance, a gradual shift from original

colours to yellowish or darker can occur due to thermal
degradation and oxidation processes during recycling.

Table 4: Colour and gloss changes

An overview of the colour and gloss assessment is
shown in Table 4. Taking as reference the colour of the
original moulded samples (cycle 0), noticeable colour changes
were appreciated for all reprocessed series, resulting in a less
vibrant and more muted colour appearance, in line with the
trend reported by other biocomposites recycling studies in
the literature [86,87]. A decrease in the parameter AL* (light-
ness) is related to the darkening of the samples, while nega-
tive values of Aa* (red/green coordinate) indicate a trend
from red to greener colours and Ab* (yellow/blue coordinate)
below zero denotes a shift from yellow to blue hues. Although
both composites and recycled HDPE show total colour differ-
ences (AE) of comparable magnitude, PEr series mainly
varies in shade, keeping hues with similar values to those
of the original material. The most significant change colour
coordinates occur in the shredded Arundo composites, which
change from a more yellowish hue in the original com-
pounding to a more bluish colour after reprocessing.

Gloss is the visual perception of direct light reflected
from a surface that is associated with perceived brightness.

Material Colour Gloss
L* a* b* ax @ pgx @ ppx® A ® 20° 60° 85°

PE 72.47 + 0.13 -0.91+0.03 -0.31+£0.12 - - - - 27.4 +35 69.0 £ 5.2 84.7+22
PE.F20 56.26 + 0.88  12.37 + 0.46 2367 +0.94  -16.21 13.28 23.98 31.845 1.0+0.2 7.8 1.1 85+28
PE.F40 58.37 + 1.42 12.00 + 0.7 26.16 + 1.40 -14.10 12.91 26.47 32.651 11+ 0.5 7.6 3.0 17.4 £ 5.6
PE.S20 41.61 £ 1.27 5.32+0.30 18.77 £ 0.64 -30.86 6.23 19.08 36.810 71+£1.0 324 +3.2 53.9+3.0
PE.S40 49.33 £ 1.52 4.44 + 0.25 15.61 £ 1.02 -23.14 5.36 15.92 28.593 3.0+£1.0 18.2+4.3 355+75
PE-r 62.32 + 0.1 -1.18 £ 0.03 -0.12 + 0.07 -10.15 -0.27 0.19 10.154 31.7+1.7 74.6 £ 2.3 89.1+2.8
PE.F20-r 45.27 + 0.61 10.08 + 0.40 20.12 £ 0.70 -11.00 -2.29 -3.55 11.778 2.6 +0.6 171 +£1.5 257 +3.9
PE.F40-r 49.92 +1.33 10.56 + 0.52 19.71 £ 1.30 -8.45 -1.44 -6.45 10.725 09+04 73134 13.5+5.9
PE.S20-r 36.24 +1.30 245 +0.42 10.04 + 0.66 -5.37 -2.87 -8.73 10.648 25+0.3 17.5+1.0 26.5+5.6
PE.S40-r 38.25 + 3.08 2.31+0.42 8.55 + 0.88 -11.08 =213 -7.06 13.308 1.9+0.7 141+1.0 244 + 8.0

™ Differences in colour calculated with respect to neat HDPE in cycle 0 and with respect to unrecycled equivalents in cycle 6.
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High reflectance surfaces are referred to as glossy; while
semi-gloss or matt surfaces are less reflective. Considering
the variety of gloss found among the different samples, the
standard measurement at 60° was complemented by mea-
surements at an angle of 20° for high gloss surfaces (values
above 70 GU) and at 85° for matt surfaces (values below 10
GU). In the first moulding, it was observed that the fibre
composites provided a matt surface with lower gloss than
the shredded reed ones. And among the latter, the gloss
decreased with the increasing filler content. The most
noticeable variation observed after recycling was in the
PE.F20-r series, with a marked increase in gloss. This is
possibly caused by the smoother surface produced by the
reduction in fibre size and a more uniform distribution of
the filler. For shredded composites, a rougher surface
finish after the final injection moulding results in a
decrease in reflectivity. Mechanical attrition of irregularly
shaped particles during reprocessing may contribute to
this change. As the particles break down, the surface tex-
ture of the composite changes, which may scatter light
more diffusely rather than reflect it in a specular manner.

4 Conclusions

Despite small losses in thermo-mechanical properties, the
study reveals that HDPE-Arundo composites exhibit a
worthy level of sustainability, with some improvements
in processability and mechanical performance after
closed-loop recycling using co-rotating twin-screw extru-
sion. These characteristics allow for reuse and reproces-
sing, prolonging the durability of such resources.

FTIR spectroscopy reveals minor variations in che-
mical composition between the original and the recycled
materials. HDPE-based composites show resistance to oxi-
dation, as seen in the persistence of C—H peaks, while some
C-0 groups in the fingerprint region, related to cellulose,
weaken after recycling.

Adding Arundo fillers to the HDPE matrix does not
hinder processing and may even improve it. After five-
cycle reprocessing, all materials tend to increase their
MFI slightly, most noticeably for biocomposites with
shredded reed fillers. After that, the most loaded fibrous
compound only need 40% higher moulding pressure than
pure HDPE. The lack of adhesion promoters in the com-
pounding phase seems to favour a trend towards
improving processability and some aspects of mechanical
performance rather than degrading the materials
throughout the recycling process. Oscillatory rheology
revealed that fibrous composites increase complex
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viscosity, while shredded ones decrease it. All formulations
keep their viscous character, with higher loss moduli than
storage moduli. Capillary rheology confirmed that the flow
resistance mainly depends on the filler amount, regardless
of type.

Thermogravimetric analysis proved thermal stability
up to 40°C above processing temperature by injection
moulding. Melting temperatures remain consistent around
135°C, while crystallization temperatures slightly increase
by less than 5°C for recycled formulations. Arundo-filled
materials show an increase in the enthalpies of fusion and
crystallization of between 20% and 40% and a small
increase in crystallinity. Despite the initial contribution
of reed fillers to the OIT, multiple reprocessing led to a
drop in OIT for all materials by more than half compared
to the PE matrix, except for the PE.F20-r series, which
manages to contain it at only 20% less.

HDT and VST decrease after recycling up to a max-
imum of 9°C, especially in composites with higher lignocel-
lulose loading. On the contrary, reprocessed materials rise
their stiffness, in both flexural and tensile elastic moduli,
because of the cross-linking reactions typical of PE, and
without any enhancements in the inter-phase adhesion
being observed. Impact strength is negatively affected by
the shortening of the filler length, which results in a one-
quarter reduction in aspect ratio after reprocessing in the
case of reed fibres. However, tensile and flexural strength
increase by up to 10% and 20%, respectively, due to
improved fibre intertwining highlighted by entanglement
factor and reinforcement efficiency. PE.S40-r was the series
that showed the greatest increase in mechanical properties
after reprocessing, approaching in performance that of the
comparatively more expensive 40% reed fibres composite.
All reprocessed materials become tougher, while neat
HDPE and 40% filled composites also significantly increase
their resilience.

DMTA study found that plant fillers stiffen the HDPE
matrix even more after reprocessing, resulting in a higher
storage modulus where the type of filler is more crucial
than the filler load. The recycled materials exhibit higher
loss moduli, suggesting a shift towards more viscous beha-
viour. An inflection point in the loss factor above 0°C points
to a worsening of fatigue performance after recycling.
Brittleness at room temperature is decreased by 60% in
most composites, extending the elongation at break up to
90% beyond the original values, with the exception of the
PE.F40-r series, which becomes slightly less ductile than
the others.

No significant changes in the density and porosity of
the recycled composites were observed. However, lower
water absorption was confirmed, possibly due to smaller
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fillers and more uniform distribution after reprocessing,
reducing interphase voids in the composite through
improved filler encapsulation. Finally, colour and gloss
assessments showed noticeable changes in visual appear-
ance for all reprocessed series, resulting in less vibrant
colours and shredded composites having lower gloss than
fibre composites.
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