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ABSTRACT KEYWORDS

Giant reed (Arundo donax L.) is a plant species with a high growth rate Arundo donax; giant reed;
and low requirements, which makes it particularly interesting for the biomass; fibers; composites;
production of different bioproducts, including natural fibers. This work HDPE; characterization;
assesses the use of fibers obtained from reed culms as reinforcement  nection molding

for a high-density polyethylene (HDPE) matrix. Two different lignocel- 38T

lulosic materials were used: i) shredded culms and ii) fibers obtained Arundo donax; F K [H1 725 2,
by culms processing, which have not been reported yet in literature as Wi ET4E A AR
fillers for thermoplastic materials. A good stress transfer for the fibrous HDPE; %I ij; 3 5 e 20
composites was observed, with significant increases in mechanical

properties; composites with 20% fiber provided a tensile elastic mod-

ulus of almost 1900 MPa (78% increase versus neat HDPE) and

a flexural one of 1500 MPa (100% increase), with an improvement of

15% in impact strength. On the other hand, composites with 20%

shredded biomass increased by 50% the tensile elastic modulus (reach-

ing 1560 MPa) and the flexural one (up to 1500 MPa), without sig-

nificant changes in impact strength. The type of filler is more than its

ratio; composites containing fibers resulted in a higher performance

than the ones with shredded materials due to the higher aspect ratio

of fibers.
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Introduction

Arundo donax L. is a perennial Grass from the Gramineae family, probably with East Asia origin
(Jensen et al. 2018). This plant shows a high growth rate and produces an impressive amount of
biomass, which currently has very limited use. Several works have demonstrated the potential of this
plant for the biorefinery industry (Copani et al. 2013; Cosentino et al. 2014, 2016; Jensen et al. 2018;
Licursi et al. 2015, 2018; Ortega et al. 2023) and it is considered as an energy crop because of its
potential to produce bioethanol, bioenergy, or green products following a biorefineries scheme. The
use of a cascade biorefinery process is an exciting strategy to maximize the environmental and
economic benefits of lignocellulosic materials used within industrial applications; in this approach,
the different fractions of the material could be separated for their further use. One interesting product
that can be obtained from such industries are cellulose fibers for composites obtaining, while also
exploiting the remaining fractions for the obtaining of other products, such as sugars for a later
fermentation, antioxidants or bio-char (Ortega et al. 2023).

Some authors have proposed using giant reed as a raw material to obtain natural fibers, although
not many publications study the manufacturing of composites using fibers. Most literature related to
composites production from Arundo focuses on particleboard production (Andreu-Rodriguez et al.
2013; Barreca et al. 2019; Ferrdndez Villena et al. 2020; Ferrandez-Garcia et al. 2019; Ferrandez-Garcia
et al. 2020; Ferrandez-Garcia et al. 2012; Garcia-Ortuiio et al. 2011). In such works, the lignocellulosic
material is ground and blended in up to 40% by weight with a thermoset resin or natural binders, such
as citric acid (Baquero Basto, Monsalve Alarcén, and Sanchez Cruz 2018; Dahmardeh Ghalehno et al.
2010; Ferrandez-Garcia et al. 2019; Ferrandez-Garcia et al. 2020); the medium-density boards obtained
show properties within the range of other materials used as insulating material in the construction or
furniture sector.

As explained in a previous review paper from authors (Sudrez et al. 2023,) three methods are mainly
used for reed processing: grinding (Bessa et al. 2020, 2021; Fiore et al. 2014, 2014) rudimentary
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scraping to obtain bast fibers (Fiore et al. 2014; Ortega et al. 2021; Scalici, Fiore, and Valenza 2016;
Sudrez et al. 2021, 2022) or the combination of a chemical soaking and mechanical scraping to get
thinner and stiffer fibers (Sudrez et al. 2023). Purely chemical methods have also been explored in the
literature for the separation of microcrystalline cellulose (Shatalov and Pereira 2013)(p) (Barana et al.
2016; Tarchoun et al. 2019). From the studies reported in the literature, it can be concluded that the
initial preparation of the filler derived from this plant and the applied mechanical and chemical
modification procedure significantly affect the properties of composites produced. For example, acid
hydrolysis allows for the removal of hemicellulose and the obtaining of a pulp with high cellulose
content (Shatalov and Pereira 2013; Tarchoun et al. 2019) while the use of alkali results in the removal
of lignin and the obtaining of a material with about 50% cellulose (Barana et al. 2016; Martinez-Sanz
et al. 2018). The procedure applied for obtaining the fibers in this research work combines a chemical
and a mechanical approach (Sudrez et al. 2023) for the obtaining of fibers with high aspect ratio and
high cellulose content, close to 70%.

Epoxy-based composites have been studied at different fiber loadings; for example, the addition of
10% in weight of bast fibers showed improved tensile modulus of the epoxy matrix, while tensile and
flexural strength were reduced due to a low compatibility between the lignocellulosic material and the
resin. To overcome this, plasma treatment has been applied to the fibers (Scalici, Fiore, and Valenza
2016) and it has been found that 5% loading increased the flexural modulus by up to 80% and flexural
strength by almost 40%. The lack of compatibility between both materials not only prevents the
transmission of the applied force between both materials but also results in voids formation, which
reduce the effective area of the test part. Apart from plasma, an alkaline treatment based on NaOH or
the silanization (Bessa et al. 2020) of fibers has been proposed for their use in unsaturated polyester or
bisphenol-based matrices. For polyester, composites at 40% loading (in volume) were prepared,
resulting in an improvement of tensile and flexural properties (Chikouche et al. 2015).

Some studies have also been performed using thermoplastic materials as a matrix. For example,
PLA-composites with up to 20% of Arundo ground culms were prepared by injection molding, with
tensile and flexural elastic moduli rising with the increased content of lignocellulosic material, while
the strength was reduced in both tests. Further studies using Arundo to produce polymer composites
by injection molding have not been found in the literature, therefore demonstrating the novelty of this
work. The present paper shows the results obtained for composites with 20% and 40% Arundo fibers,
which have only been obtained with this plant by compression molding (Sudrez et al. 2021). In this
work, polyethylene (PE) and polypropylene (PP) were used as matrices, resulting in an increase in
elastic modulus and a decrease in tensile and flexural strength. Rotationally-molded composites with
Arundo resulted in similar behavior, although a lower rate of filler was used due to the process
sensitivity to the introduction of non-polymeric materials (Sudrez et al. 2022). In addition, the
literature reviewed typically used ground material or bast fibers obtained from rudimentary proce-
dures, with lower cellulose content and mechanical properties than the fibers used in this research.

In this paper, the properties of composites obtained with shredded culms and fibers obtained by
combined chemical and mechanical methods are assessed. Giant reed fibers used in this research show
a high cellulose content (around 68%, in the range of flax or hemp (Henrique et al. 2015) with
a crystallinity index over 65%, and thermal degradation temperature above 230°C, similar to other
commonly used fibers in the composites sector, such as jute, abaca, or hemp (Fiore, Scalici, and
Valenza 2014; Kabir et al. 2012; Ortega et al. 2013). The shredded material also shows good thermal
stability for its processing into a HDPE matrix (Suarez et al. 2023). From the energy point of view, it is
beneficial to produce composites based on the less processed plant raw materials. Therefore, this
research work aims at contributing to the achievement of the EU-green deal strategy objectives and the
sustainable development goals, by the obtaining of composites with good performance and an
expected improved environmental character due to the partial substitution of a polymer matrix with
a renewable material of lignocellulose origin. Other authors have reported some few results on the use
of giant reed materials in thermoplastic processes, although with a different starting material. To the
best of authors knowledge, no references in literature have used the two lignocellulose materials
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reported in this work: fibers obtained from a chemo-mechanical procedure of giant reed culms, with
high cellulose content, and shredded material from the entire aerial parts of the reed, with lower
cellulose and higher hemicellulose contents. A comprehensive correlation assessment between the
method of obtaining the giant reed-based fillers and the processing, physicochemical, thermal, and
thermomechanical properties of injection-molded thermoplastic composites manufactured with their
use was presented.

Materials and methods
Materials

High-density polyethylene (HDPE), grade HD6081 from Total was used. This polymer exhibits 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 manu-
facturer’s datasheet.

Fibers and shredded material from Arundo culms were prepared as explained in previous work
(Sudrez et al. 2023). In short, shredded material was prepared by grinding the aerial parts of the plant
(culms and leaves) and washing them with water. Fibers were obtained after soaking culms in a 1N
NaOH solution for around 1 week (31 of solution per kg of biomass), with further processing by
a series of rolling mills to separate the fibers from the softer material. Finally, fibers were cut to
approximately 3 mm in length.

The composites are named after the type of lignocellulosic material used and its content (in weight
%); for example, PE.F20 stands for composites with 20% of fibers, while PE.S20 refers to composites
with 20% of shredded material. Table 1 lists the samples’ full names and information about their
composition.

Composites preparation

The materials used were dried overnight before compounding: lignocellulosic fibers at 105°C and
HDPE at 60°C. Composites were prepared in a ThermoScientific Processll twin screw-extruder
(configuration shown in Figure 1), with the following temperature profile: 170-175-175-185-185-
175-165-165°C (from hopper to die). The screw speed at 100 rpm.

Before injection molding, the materials were dried at 60°C overnight with dry air (dewpoint of
—40°C). ISO mechanical test specimens were manufactured using an Arburg 3208 injection molding
machine. The following temperature profile, from back to nozzle, was used: 175-180-185-185-190°C,
while mold temperature was 30°C, and cooling time was 15 s. The back pressure was 5 MPa, the
holding pressure was 50 MPa and the dosage volume of 50 cm”. Switchover pressure was recorded for
every molding and averaged for the various composites.

Characterization

Different characterization tests were performed on the pellets and the injection-molded parts. For the
pellets, chemical structure, melt flow index, and thermal analysis (thermogravimetry and differential
scanning calorimetry) were assessed. For molded parts, density, water absorption, mechanical testing,

Table 1. Materials prepared and their markings.

Short name Formulation

PE HDPE

PE.S20 HDPE +20% shredded Arundo
PE.S40 HDPE +40% shredded Arundo
PE.F20 HDPE +20% Arundo fiber
PE.F40 HDPE +40% Arundo fiber
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Figure 1. Extruder screw configuration with three different mixing and kneading zones.

dynamic mechanical analysis, rheological behavior, heat deflection and Vicat softening temperatures
(HDT and VST), and microscopic structure were analyzed.

Fourier Transform Infrared (FTIR) spectra were obtained in a Spectrum 100 spectrophotometer
from Perkin Elmer, under Attenuated Total Reflectance (ATR) mode with a zinc selenide single
bounce crystal, recording 64 scans per spectra at a resolution of 4 cm™, in the wavelengths between
4000 and 600 cm ™.

The Melt Flow Index (MFI) of composite materials was obtained following ISO 1133, in a 7053
apparatus from Kayeness Inc (Dynisco Company), using a load of 2.16 kg and a temperature of 190°C.

Thermogravimetric analysis (TGA) was performed in a Netzsch TG 209F1 Libra device, using
alumina crucibles and samples nominally of 10 + 0.2 mg, under nitrogen atmosphere. The tests were
conducted at a heating rate of 10°C/min, from 30°C to 900°C.

Heat deflection temperature (HDT) was obtained for injection-molded samples according to ISO
75 standard (heating rate of 120°C/h and 1.8 MPa load). Vicat softening temperature (VST) was
measured following ISO 306 B50 standard, at a heating rate of 50°C/h and a loading of 50 N. For both
tests TPC/3 TOP VST/HDT apparatus was used. For each series, at least three measurements were
made to average the results.

The thermal behavior of materials was determined by differential scanning calorimetry (DSC). The
analyses were conducted in a Perkin Elmer DSC 6 device under nitrogen atmosphere and aluminum
sealed crucibles. Samples nominally of 10 + 0.2 mg were prepared for these tests. The measurements
were performed from 30°C to 200°C at 10°C/min, with two heating cycles. The temperatures for
melting at both heating cycles (Tm; and Tm,, respectively) and crystallization (T.) from the cooling
step were determined. Three replicas were performed for each material sample, and results are
expressed as average values, also providing standard deviations. Finally, the melting and crystallization
enthalpies (AHm;, AHm,, and AHc) were also calculated and employed to obtain the degree of
crystallinity (x):

1 AH,
~ 1—my AH,

X -100 (1)
where AHj is the enthalpy for a HDPE crystalline sample (293 J/g) (Balasuriya, Ye, and Mai 2003,)
and my is the mass rate of the lignocellulose (20% and 40% for composites).

The density of the prepared materials was measured following the Archimedes principle, as
specified in ISO 1183 standard, using methanol medium at room temperature, in a LA620P precision
balance from Sartorius AG Germany. Five measurements were performed per sample, giving the
results as average value and standard deviation. The theoretical density of each formulation was
calculated following the rule of mixtures (equation 2):

pc=pr Vit pu (1-Vf) )
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Where V¢ is the mass ratio of the lignocellulosic material, and p., ps and p,,, the density of the
composite (theoretical), fiber and matrix. These values were further used to calculate the
composite porosity (P) (equation 3), by comparing the theoretical and experimental values
obtained:
Ptheo — P
P(%) _ theo exp 100 (3)
Ptheo
Water absorption was carried out according to ISO 62:2008, immersing the specimens in deionized
water and weighing them periodically until achieving a constant mass. The water absorption (W) was
calculated using the following equation:
Wi — W,
W(%) = ———2.100 (4)
Wo
where W) is the initial mass of the sample, W, the mass of the sample at t time. Three replicates per
sample were assessed.
The kinetics of water uptake can be obtained using Fick’s law:

2
D=n. (N (5)

4- W,
Where D is the diffusion coefficient (m (Copani et al. 2013)/s), h is the thickness of the original

sample, W, is the maximum moisture absorbed by the sample and k is the initial slope of the curve of
water uptake versus t'/%, as described by equation 6 (Bazan et al. 2020):

W, - W

Ve -
If the moisture uptake for each measurement taken is compared with the maximum water uptake of
each sample, the parameters n, associated with the diffusion mode, and k, related to the interaction
between the material and the water, can be calculated as (George, Bhagawan, and Thomas 1998):

Wi
W

A (7)

The mechanical properties of composites (tensile, flexural, impact, and hardness) were determined as
follows: i) tensile properties: ISO 527-2:2012, at a rate of 10 mm/min for ultimate tensile strength and
2 mm/min for elastic modulus, ii) flexural properties: ISO 178:2019, with 64 mm between cantilevers,
determining the elastic modulus and flexural strength, at the same rates defined for tensile tests. These
tests were made in a LS5 universal testing machine (Lloyd), with a cell load of 500 N for modulus and
of 5 kN for strength, with 5 replicates per test. iii) Charpy impact tests: UNE-EN ISO 179-1/1eA:2019,
with a 7.5 ] pendulum and an impact rate of 3.7 m/s in a Ceast Resil impactor P/N 6958.000, using
notched samples. Ten replicates were used for this assay. iv) Hardness: ISO 2039 standard, conducting
the tests in a KB Priiftechnik device (ball indentation hardness test), with a minimum of 7 measure-
ments per each material series. Results for all properties are given as average values and standard
deviation (SD).

Thermomechanical properties of the different materials were evaluated by Dynamic Mechanical
Thermal Analysis (DMTA) in a Tritec 2000 device, from Triton Technology, under single cantilever
bending method. A strain of 10 um was applied at 1 Hz frequency, in the temperature range between
-100°C and 100°C, at a heating of 2°C/min.

Rheological behavior was assessed using an AR G2 oscillatory rheometer from TA instruments,
using 25 mm diameter parallel plates. The experiments were performed at 190°C, with 2.5 mm gap and
in a nitrogen atmosphere. Preliminary tests were performed using the strain sweep mode, in order to
ensure later experiments are performed in the linear viscoelastic (LVE) region. In these tests, strain
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was varied between 0.1% and 5%. Angular frequency sweeps were performed at 0.5% strain, in the LVE
region, in the range of 0.01 to 100 rad/s.

The analysis of rheological evaluation was supplemented with experiments conducted using
a capillary rheometer Dynisco LCR 7000, at 190°C, as for oscillatory measurements. This test,
performed with a capillary die with a diameter of D =2 mm and L/D = 20, allowed determining the
effect of the lignocellulosic materials on the rheological properties of the HDPE matrix. The high value
of L/D made the Bagley correction to be. T changes in the rheological behavior were analyzed by
means of the apparent shear stress; the dependence between the apparent melt viscosity () and the
apparent shear rate () (in double logarithmic scale) allow to describe the viscosity curves in the non-
Newtonian range a the power-law (Gai and Cao 2013) (equation 8):

n=K@G"" (8)

Where K is the consistency coefficient, and n is the power law index (Djellali et al. 2015).

Scanning electron microscopy (SEM) observations were performed over the samples surface and
fractured sections of tensile specimens, with the aim of determining the distribution of the filler in the
matrix and describe an interaction between filler and matrix. SEM observations were performed in
a Hitachi FlexSEM 1000, at different magnifications and an accelerating voltage of 5 kV, over
previously gold-sputtered samples.

The color of the samples was assessed by optical spectroscopy, using a HunterLab Miniscan MS/
S-4000S spectrophotometer, following the procedure specified by the International Commission on
[Mumination (CIE) L*a*b* coordinates. According to this system, L* is related to the color lightness
(black: L* = 0, white: L* = 100), a* refers to green(-) and red(+), and, finally, b* measures blue(-) and
yellow(+) The measurements were done by placing the samples in a specially designed light trap
chamber. The total color difference parameter (AE*) is defined as (Chorobinski, Skowronski, and
Bielinski 2019):

AE* = [(AL*) + (Aa")? + (A6")1]" )

Finally, the measurement of the gloss of the surface of samples was performed using the TestAn DT
268 glossmeter, according to ISO 2813: 2001 at an angle of 20, 60, and 85° of the apertures of the image
of the light source and the receiver. The presented results are mean values taken from 20
measurements.

Results
Chemical structure - FTIR

Figure 2a, b shows the FTIR spectra for the different materials used in this work: i) Arundo fibers and
shredded Arundo plants (Figure 2a), IT) PE, iii) 20% composites, and iv) 40% composites (Figure 2b).
As already analyzed in previous work (Sudrez et al. 2023,) the shredded material shows peaks
associated to hemicellulose and lignin, which disappear or are reduced for fiber samples, due to the
extraction procedure which was followed. Composites for both types of materials show almost over-
lapped spectra, closer to PE for the lower loadings. Composites with 40% of lignocellulosic material
start showing some of the characteristic bands of such materials, namely around 3600-3000 cm™,
related to O-H stretching, and 1200-850 cm ™", characteristic of C=0 bonds in cellulosic compounds.

The double peak at 2916 and 2848 cm™" are related to C-H bonds (symmetric and asymmetric
vibrations) from the polyethylene chain, although is also present in the lignocellulosic materials (with
less intensity) and attributed to hemicellulose so more intense for shredded material than for the fiber.
The peaks at 1472 and 729 cm ™" are related to C-H stretching in HDPE, and so are also found for the
composites. It can be observed that the introduction of the lignocellulosic materials modifies the signal
of neat HDPE, with the appearance of bands due to the giant reed materials. Other authors have
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Figure 2. FTIR spectra of the fillers (a) and injection molded samples (b).
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Figure 3. The porosity of PE-arundo composites based on measured and theoretical density.

reported similar modifications, especially for high filler loadings (Hejna et al. 2020; Mendes et al.
2021).

Density and porosity assessment

Figure 3 shows the values for theoretical and experimental densities of the composites and the porosity
calculated by comparing them. Density values increase with the increasing content of lignocellulosic
material in the composite. If comparing the density values obtained in the methanol assay and the
theoretical ones (Equation 2), the porosity values could be obtained (Equation 3). It can be seen that
the values for theoretical and experimental density for composites with shredded materials are pretty
similar, so the porosity values can be considered zero. The values obtained were —0.5 and —2.5% for
20% and 40% composites, possibly due to some overpacking during injection molding or the standard
deviation of the measurements taken. Porosity values for composites with fibers are 5.8 and 8.7%, for
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20% and 40% fiber content, respectively, which can still be considered acceptable, especially for such
high lignocellulosic contents.

Thermal behavior

Thermogravimetry

Figure 4 shows the thermogravimetric (TG) and derivative (DTG) curves obtained for the polyethy-
lene and its composites. The thermal stability for 20% and 40% composites is similar, regardless of the
type of lignocellulose material used. The residual mass at the end of the assay is also found in similar
proportions for both sets of composites and are due to the inorganic compounds in the biomass, i.e.,
about 20% (Sudrez et al. 2023). From DTG, the most significant peak is related to the PE decomposi-
tion, taking place at about 460°C, while for composites, there is also a smaller one, between 220°C and
360°C, due to the cellulose degradation. For composite materials with shredded Arundo, as also
observed for the material itself, a small shoulder at about 290°C is found due to hemicellulose
pyrolysis. A similar behavior is described in the literature for composites with lignocellulose-derived
fillers. All composites are thermally stable until reaching about 240°C, 50°C above the processing
temperature, which indicates a temperature-wide processability window for such materials (Mazzanti,
Mollica, and El Kissi 2016). For instance, 5% weight loss happens at about 420°C for neat PE, about
290°C for 20% composites, and 270°C for 40% ones. Similar results are found in literature, with
degradation starting at 214°C for hemp fibers at 40% in a polypropylene matrix or 262°C for 30 wt.%
wood fibers-filled HDPE composites (Monteiro et al. 2012). There is a direct correlation between the
amount of lignocellulosic material introduced and the weight loss, as also observed in Figure 4a. Some
authors have proposed using TG and DTG curves to calculate the proportion of filler in the composite
experimentally; following the procedure set by Nabinejad et al (Nabinejad et al. 2023) less than 10%
difference between the theoretical and the experimental ratios are found: 21.7% and 20.9% for 20%
composites (fiber and shredded, respectively), and 42.8% and 39.1% for 40%.

Differential scanning calorimetry

For polyethylene samples, the melting temperature is around 133°C, finding a slight increase for 20%
composites. Melting and crystallization peaks are not altered because of the lignocellulose materials
introduction, and no differences between the first and second heating cycles could be observed, neither
in temperatures of the phase transitions nor in crystallinity values (Table 2). Other authors have
reported similar behavior for HDPE-based composites: negligible difference in melting temperatures,
although with reductions in enthalpies (Andrzejewski et al. 2020; Dolca et al. 2022).
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Figure 4. a) TG curve for the different materials and b) DTG curve.
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Table 2. Thermal parameters for HDPE and its composites from DSC tests.

Material Tm, [°C] Tm, [°C] Tc [°A AHq,q D/9] AHm, [/9] AHc /gl X1 [%] X2 [%]
HDPE 1327+03 1353+09 1129+0.0 1754+135 1726+8.2 1933 +21.2 59.9+46 58.9+28
PE.F20 136.9+04 134710 1115£00 1187+129 1258+11.2 1358+93 50.6 £5.5 53.7+48
PE.F40 1327+04 1339+0.7 113.1+£0.7 1086+228 1095+184 1084+1212 61.8+13.0 623+10.5
PE.S20 1372+£06 136214 111107 1194+04 1284 +3.1 140.8 +4.0 50.9+0.2 54813
PE.S40 133.0+09 135019 1121+£14 764+17.1 79.8+15.7 825+153 435+97  455+89

The crystallinity seems to decrease with the incorporation of the lignocellulosic material, except for
40% fiber composites, which shows a value close to that of neat PE (although it also gives a higher
deviation). The high content of such fibers could counteract the reduction of crystallinity due to the
incorporation of the lignocellulosic material, with relatively high crystallinity (close to 70% (Suérez
et al. 2023). Besides, cellulose can act as an active nucleation center (Dolga et al. 2022) and fibers
contain over 65% of cellulose, according to previous research conducted. The geometry of the fillers
can also influence their effect on crystallization; usually, smaller particles lead to higher crystallinity
(Dolza et al. 2021).

On the contrary, incorporating lignocellulosic materials into the HDPE matrix can hinder the
crystallization process, especially at lower loadings, due to the restrained mobility of the polymer
chains (Fendler et al. 2007). An increase in melting temperature for 20% composites has been observed
for bamboo-HDPE composites at the same loadings, with a reduction in melting enthalpy also and,
thus, in crystallinity (Mohanty and Nayak 2010; Wang et al. 2014). There is no clear trend in the
literature about the effect of lignocellulosic fillers in HDPE: some authors found reductions in
crystallinity (Fendler et al. 2007,) while others have found increases (Jaramillo et al. 2021). No
significant changes have been also reported (Mendes et al. 2021,) usually getting crystallinity values
typically close to 50% for composites with natural fillers (Andrzejewski et al. 2020) (see supplementary
figure S1).

Thermomechanical behavior

The introduction of lignocellulosic materials can effectively increase the range of application of the
neat HDPE, as both parameters measured, heat deflection temperature (HDT) and Vicat softening
temperature (VST), increased (Table 3). It was found that higher ratios of biomass led to higher
thermomechanical stability of composites. The filler type showed a lower influence on the HDT or the
VST than the percentage of filler used. Despite slight differences higher statically assessed thermo-
mechanical stability values were noted for Arundo fibers composites compared to Arundo shredded
filler. This effect was noticeable in the samples subjected to point loading and three-point bending.
The values of HDT and VST correlate with the changes of mechanical properties (hardness and
flexural elasticity modulus described later in Section 3.5), and described in the literature for poly-
ethylene-based composites (Schellenberg 1997). It results from better dispersion of fibers in the
polymer matrix and higher reinforcing efficiency associated with the increased shape factor of fibrous
filler (aspect ratio about 4 for fibers, with fiber lengths about 0.8 mm; particle size for shredded filler is
around 0.45 mm). Based on the DSC analysis, the increase in resistance to static load in the high-
temperature range should not be associated to the change in the crystallinity. The HDPE composites

Table 3. Heat deflection (HDT) and Vicat softening tempera-

tures (VST).
Material HDT [°C] VST [°C]
HDPE 41.00 £1.03 7232+134
PE.F20 57.27 £1.03 81.30 £ 0.80
PE.F40 72.88 £1.31 85.75+1.64
PE.S20 55.31+1.60 78.93+0.22
PE.S40 67.51 +3.80 83.40+0.93
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produced exhibit a HDT close to PP or PET, with increases of about 50% regarding the neat HDPE.
The dynamic mechanical analysis also observes this improved thermal resistance (section 3.6).

Water absorption tests

Figure 5a clearly shows that higher lignocellulosic loadings result in higher water absorption. In
contrast, HDPE water absorption is almost negligible. Each point is the average value of three
measurements. Moisture uptake equilibrates at a maximum of 2% for 20% composites but is increased
by over 400% for 40% loadings, reaching up to 9% after the 28 days of the assay. As the materials used
in this work are hydrophilic, an increase in water uptake for the composites was expected. The parts’
thickness was measured at the beginning and the end of the assay to determine their swelling. This
parameter follows a similar trend to water uptake, i.e., higher loadings increased swelling. Composites
with fibers show higher swelling values than composites with shredded Arundo, following the same
trend as water uptake. This increased water uptake by fibers is surprising, as a lesser hydrophilic
character was expected due to the higher cellulose and lower hemicellulose contents of fibers
compared to shredded material [22]. However, the morphology of the materials also plays an
important role; fibers are thinner and have a higher aspect ratio than shredded material, and so
have a higher area exposed, which might explain this behavior. This observation correlates with the
porosity values obtained by comparing theoretical and experimental densities, the composites with
higher porosity exhibited higher water uptake due to a larger number of entry points where water
molecules could ingress, as well as having a higher internal free volume in which the hydrophilic
cellulosic content could swell. The aspect of the formation of the polymeric skin layer on injection
molded samples, depending on the nature of the flow of filled molten composite during forming,
cannot also be omitted (Najafi, Tajvidi, and Chaharmahli 2006; Salasinska et al. 2016).

Mechanical properties could be modified by the hydration of the fibers and their swelling, which
could partially debond the fiber from the matrix, thus reducing the stress transfer between both
phases. However, Bazan et al (Bazan et al. 2020). performed these studies with coconut and flax fibers,
and despite the increase in water uptake and the swelling observed, no change in the mechanical
properties of the composite was found, probably because of the high stability of the HDPE matrix.

From the data obtained, Fick’s diffusion coefficient can be calculated using Equations (5-7).
Figure 5b shows the representation of W/W,, versus time on a logarithmic scale, from which the
parameter n is calculated. It can be seen that the data are linear in nature, except for neat PE, where the
absorption values are so low that some data points were removed to get approximate values for such
parameters (Table 4). The parameter n indicates the type of diffusion behavior that is taking place;
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Figure 5. Results of moisture absorption. a) water uptake vs. time, b) calculation of Fick's law parameters (log W,/W,, versus log
time).
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Table 4. Water uptake parameters of PE and its composites.

Material D (m%/s) k (9%/°) n Swelling (%) Sorption (g/g) Permeability (m?/s)
PE 3.62:107"° 3.53-107° 0.11 1.1 0.001 4523-10-18
PE.F20 322107 1611073 0.36 33 0.024 7.75810 - 15
PE.F40 2321071 498107 0.41 83 0.089 2.064-10 — 14
PE.S20 3.56:107"° 1.10-1073 0.30 23 0.018 6.548-10 — 15
PE.S40 346107 4881072 0.39 6.6 0.083 2.855-10 — 14

a value equal to 0.5 means a Fickian diffusion, while a value of 0.5-1.0 indicates an anomalous
diffusion. In this case, it is observed that diffusion approaches the behavior predicted by Fick’s law,
with values ranging from 0.30 to 0.41, except for the neat HDPE. Other authors have found a similar
behavior for pineapple leaf fibers (George, Bhagawan, and Thomas 1998) or wood flour (Bazan et al.
2020). Diffusion coefficients found for Arundo composites are higher than for neat PE and are of the
same order for all composites. They are also in a similar range to other values found in the literature:
410" m (Copani et al. 2013)/s for composites containing 40% rice hulls (Wang, Sain, and Cooper
2006,) or 3.6:10"'* m (Copani et al. 2013)/s for composites with 30% pineapple fiber (George,
Bhagawan, and Thomas 1998,) both in a PE matrix. Lower lignocellulose loadings lead to lower
diffusion coefficients; for example, diffusion coefficients around 31072 m (Copani et al. 2013)/s are
obtained for 12% wood, flax, or coconut fibers in HDPE-based composites, increased up to 6-107*2
m (Copani et al. 2013)/s for the same percentage of basalt fibers (Bazan et al. 2020).

Some authors point out that moisture absorption in natural fiber composites is affected both by
diffusion and percolation and so propose other parameters for the study of water uptake. George et al
(George, Bhagawan, and Thomas 1998). calculated the sorption of water as the relationship between
the mass of water absorbed by the sample and the weight of the sample itself and then introduced the
permeability, obtained by the combination of sorption and diffusion (P=DxS).

Sorption and permeability coefficients increased with the content of lignocellulose in the compo-
site, as also observed in the literature (George, Bhagawan, and Thomas 1998,) with values in the same
range as those obtained by George et al. for pineapple fibers. Permeability for HDPE is about 1000
times lower than for composites due to the excellent barrier properties and hydrophobic character of
this polymer.

Mechanical properties: tensile, flexural, impact, and hardness tests

As summarized in Table 5, 20% composites had the same tensile strength as neat HDPE, while 40%
loadings led to a decrease of 8% and 14% for fiber and shredded material, respectively. This decrease
could be related to the increased porosity of the composite, in the case of fiber material, and the
reduced stress transfer between the matrix and the Arundo-derived materials. This may be due to
a reduced compatibility between the fibers and the matrix or the formation of agglomerates.
Therefore, for 20% composites, where tensile strength is not reduced, this suggests a sign of good
adhesion between fiber and matrix and evidence of a good stress transfer between them (Fendler et al.
2007; Qiu, Endo, and Hirotsu 2004).

On the contrary, flexural strength increased for all composite samples, with no significant differ-
ence for the composites containing 20% of either fibers or shredded materials, where an increase in
strength of about 15% was observed compared to neat HDPE. The most significant improvements are
found for tensile and flexural modulus. The composites with fibers provided the highest module,
almost a twofold increase regarding the modulus of HDPE. This property appears to be more affected
by the type of filler used than for the filler ratio, as no significant difference was found between 20%
and 40% fiber or between 20% and 40% shredded material. However, the flexural modulus shows
a different trend. In this case, the amount of filler is more significant than its type, finding similar
values for 20% composites (again, with an improvement of 100% regarding the HDPE values). Finally,
only composites with shredded materials do not show increased impact resistance, with 20% providing
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similar behavior to PE, while 40% loadings reduce the impact strength. Composites with fibers
exhibited an increase in impact strength of 17 and 11% for 20% and 40% fibers.

Other authors have reported that the incorporation of 12% of flax fiber has produced no changes in
the tensile strength of a PE matrix and an increase of about 100% in elastic modulus; for flexural
properties, this same composite provided an increase of about 75% flexural strength and almost
doubled the flexural modulus and also led to a moderate increase, of about 10%, in impact strength
(Bazan et al. 2020). Several works report a decrease in the mechanical performance of natural fiber
composites and propose using compatibilizers, such as maleated polyethylene (MAPE), to increase the
tensile strength of the resulting material (Jaramillo et al. 2021). For example, introducing MAPE in
composites with 20% of hemp, jute, or flax provided similar or slightly higher tensile strength values
than neat HDPE, 2-folding the elastic modulus (Dolza et al. 2021). The composites obtained with
Arundo-derived materials have provided, in general terms, an improved mechanical behavior com-
pared to the neat PE, already folding by two the elastic modulus of the polymer, thus demonstrating
the good potential of these materials, particularly fibers, for composites obtaining; a similar trend was
observed for bamboo fibers, which had a reinforcing effect for 20% loadings, increasing flexural
strength and tensile and flexural modulus with increasing loadings of fibers, up to 30% (Mohanty and
Nayak 2010). Mohanty and Nayak have also found a decrease in properties with further increases in
the fiber content, which they relate to the incompatibility of fibers with the matrix; the incorporation
of a 2% MAPE led to more significant improvements in mechanical properties, especially in modulus
and flexural strength, which were improved by 100% in comparison to the composites at the same
loading without the compatibilizer. In contrast, Lei et al. did not find any improvement by using
MAPE or carboxylated polyethylene for 30% wood flour HDPE composites, which reduced tensile
strength by over 30% and impact strength by more than 50% (Lei et al. 2007).

Table 5 also summarizes the results of ball indentation hardness of injection-molded polyethylene
and its composites. The addition of both types of filler improved the hardness of the composites
compared to neat HDPE. Taking into account the low tendency of HDPE to heterogeneous nucleation
and the presented DSC results, it can be said that the effect of increasing the hardness results from the
distribution of rigid filler structures in the boundary layer and not from a change in the degree of
crystallinity of the polymer. Considering the changes in the chemical structure of Arundo fibers
compared to shredded plant parts, the higher values of the series containing fibers are understandable.

A slight increase in hardness was found for composites. Neat HDPE exhibited a hardness of 60.0
Shore D, which increased to 62.5 for 20% composites and 65.0 for 40% composites. For this property,
the ratio of filler is more significant than its type, as for the flexural testing. Similar values were
obtained for 20% coir, flax, or coffee husks HDPE composites (Ayyanar et al. 2022; Chimeni-Yomeni
et al. 0000; Jaramillo et al. 2021); lignocellulosic materials show a higher hardness than PE, which
explains this trend.

Thermomechanical performance - DMA

The analysis of storage modulus (E'), loss modulus (E”), and damping factor (tand) with temperature
allows evaluating the changes in the mechanical properties due to the addition of fibers and shredded
material to the HDPE matrix (Figure 6). DMA is an essential test for the evaluation of the mechanical
properties of materials due to its sensitiveness to to structural changes, including the interfacial bond
between the fibers or fillers and the matrix (Correa-Aguirre et al. 2020).

The DMA storage moduli (Figure 6a) is indicative of the elastic behavior of the materials. All
composites provide higher storage modulus than neat HDPE, meaning that the lignocellulosic
material stiffens the matrix along the temperature range studied. The materials containing fibers
show higher values of storage modulus than those made with shredded material, which means that
these composites are stiffer, as also found in tensile and flexural tests. The starting value of the storage
modulus is similar for all samples and tends to increase for composites while remaining constant for
PE in the rubbery plateau area. The storage modulus decreases in an expected constant way, as also
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Figure 6. Variation of a) storage modulus, b) loss modulus and c) tan § with temperature from DMA.

found in other works (Andrzejewski et al. 2020; Zhang et al. 2002). This decrease takes place at higher
temperatures with the increase in lignocellulosic content.

The storage modulus for the HDPE decreased with temperature, while for composites there was
a slight increase up to about 0°C, and then it started to decrease abruptly. HDPE composites with 20%
microcellulose fibers, using 2% of MAPE as compatibilizer, led to an increase of 45% storage elastic
modulus at —20°C (Fendler et al. 2007,) while for 20% hemp the increase reached 30% and 100%, again
using MAPE as compatibilizer (Dolza et al. 2021,) at 0°C and 75°C. These authors have not provided
results without the use of MAPE, so results are not directly comparable. Correo-Aguirre et al (Correa-
Aguirre et al. 2020). observed an increase of 18% in storage modulus when using 20% of bagasse fibers
in a PP matrix. The increased stiffness can be related to hindering HDPE polymer chain movements
due to the introduction of fibers and shows that the composites have an increased capacity to store
energy compared to the matrix. These results agree with the data obtained from impact tests, where
higher values were also obtained for composites and are also observed in the reduced values of tan 6.
For 20% Arundo fibers composite, the storage modulus increased by 11%, 16%, and 19% at —20°C, 0°C,
and 75°C, and 21%, 25%, and 36% for 40% fibers. As observed in the graph, the shredded material also
increases the storage modulus, although to lower values, namely 6, 9, and 17% for 20%, and 13, 17 and
29% for 40%, at the same temperatures.

For loss modulus, the PE maximum value is found at 57°C, corresponding to the a-transition,
generally observed in the range from 20°C to 70°C (Molefi, Luyt, and Krupa 2010) or even 100°C
(Hejna et al. 2020); this transition is related to chain movements in the crystalline region of the
polymer. For the composites, this transition is slightly shifted to higher temperature values,
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approaching 70°C for composites with 40% fibers. Composites with fibers show higher peak tempera-
tures than shredded material. The shift of this transition toward higher temperatures and its increase
indicates a more resistant structure in the composites and it is also related to the reduction in the
polymer chain mobility. The B-transition for HDPE, usually related to segmental motions in the
amorphous region, takes place at about 0°C; however, some authors have reported that this transition
is usually absent (Mohanty and Nayak 2010,) as is also happening in this study.

Bhattacharjee and Bajwa (Bhattacharjee and Bajwa 2018) observed a 40% increase in storage
modulus for HDPE loaded with wood flour, as well as an increase in tensile and flexural properties.
The use of seaweed in a HDPE leads to an increase of the storage modulus of about 10%, which
increases with the seaweeds content, up to 30% (Ferrero et al. 2015). The introduction of 30% of
banana fiber in HDPE, with a 3% of MAPE as compatibilizer, leads to similar results: around 30%
increase in storage modulus, maximum temperature from E” plot shift from 57°C to 63°C and a slight
decrease in tan § (0.18 to 0.16) (Satapathy and Kothapalli 2018). Lei et al. found an increase in both
storage and loss modulus when using bagasse or pine flour in a recycled HDPE matrix, for a 30%
loading (Lei et al. 2007). At 23°C, storage modulus increased from 1.55 GPa for HDPE to 2.29 GPa and
2.23 GPa for bagasse and pine, respectively, while loss modulus varied from the initial 0.15 GPa to 0.19
and 0.18 GPa, respectively. These authors did not get further improvements by using compatibilizers
such as MAPE or carboxylated polyethylene. All Arundo composites show lower loss modulus than
pure PE, which means that the incorporation of the lignocellulosic materials provides higher elastic
recovery. y-transitions occur for HDPE at temperatures lower than the ones used in the study, and so
are not visible, although they might correspond to the small peak seen around —70°C (Molefi, Luyt,
and Krupa 2010,) also visible in storage modulus as a short descending step for PE.

The glass transition temperature (T,) in highly crystalline polymers, as it is the case of HDPE, is
difficult to identify; this is in line with the results obtained in this research. The glass transition occurs
when the chains in the amorphous regions begin a coordinated large-scale motion. Therefore, this
transition is not observable in the highly crystalline HDPE, although an intense peak for a-transition is
usually observed. DSC has provided crystallinity values over 45% for all samples, reaching up to 60%,
which may explain that T, is not visible in these assays, so the plots do not show this characteristic
peak. The tan § plot shows an inflection in the curves at 50-60°C, corresponding to a-transition, also
observed in E” plots as a maximum.

The tan 9§ is the ratio of the loss to the storage modules; therefore, the damping factor is useful to
assess the relative contributions of the viscous and elastic components in viscoelastic materials. Again
this curve does not show the p-transition, although a slight inflexion in the curves is seen at about
10°C; this could be attributed to the glass-rubber transition of the amorphous phase (Barczewski et al.
2018). The increased stiffness found for composites implies a reduction in damping properties,
compared to the neat PE, as seen from the tan § plot. The composites with higher stiffness revealed
lower values of damping factor, as also observed by other authors (Barczewski et al. 2018). The
thermomechanical behavior of the materials is apparently more influenced by the amount of ligno-
cellulosic material than by its type. Good fiber-matrix adhesion limits the mobility of polymer chains
and thus reduce the damping factor, with a simultaneous increase of T, (Scalici, Fiore, and Valenza
2016); obtained results would then suggest that fibers are well bonded to the matrix.

From the DMA results the brittleness (B) of the different materials can be calculated, using
equation 8, proposed by Brostow et al (Brostow, Hagg Lobland, and Khoja 2015):

B 1
_Sb-E/

(10)

Where E’ is the storage modulus from DMA at 1.0 Hz and ¢, the elongation at break, both at room
temperature.

The brittleness values obtained at 25°C for the different formulations are found in Table 5.
According to these authors, lower brittleness values imply higher dimensional stability of the
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material under repetitive loading. So, 20% composites would be more stable than 40% ones,
and fibers are more stable than shredded material. Another factor that can be calculated from
DMA analysis is the adhesion factor (A in equation 9), as described by Kubat et al (Kubat,
Rigdahl, and Welander 1990,) and considering that the behavior of the composite is due to the
properties of the matrix, the filler and the interphase, and resulting in (Hejna et al. 2020):

1 tandc

A= :
1-— XF tal’l(SpE

-1 (11)

Where xg is the ratio of the filler in the composite (in volume).

Lower values of A indicate higher interfacial adhesion (Jyoti et al. 2016); an increase in A is
associated with higher damping and a higher loss of energy or viscoelastic behavior, and
higher energy dissipation due to chain movements inside the composite (Karaduman et al.
2014). Hejna et al (Hejna et al. 2020). explain that a high porosity or insufficient interfacial
adhesion favors these movements. As this factor depends on the damping factor, it also varies
with temperature. It can be seen that at higher loadings, higher values of the adhesion factor
are observed, and therefore there is lower adherence between the lignocellulosic material and
the matrix. The values for this parameter are similar regardless of the type of lignocellulosic
material introduced. The negative values of the adhesion factor obtained are due to the
simplification of the calculations and the removal of the interphase region (Hejna et al.
2020; Mysiukiewicz et al. 2020). The lower and more stable values are obtained at tempera-
tures over 15°C, meaning that the lignocellulosic materials do not provide as much positive
effect below room temperature.

Several authors propose using the entanglement factor as an approximation to the intensity of
the interaction between matrix and filler/reinforcement, together with the efficiency factor
(Andrzejewski et al. 2020; Jyoti et al. 2016; Pandey et al. 2016; Panwar and Pal 2017). The
entanglement factor is usually calculated at several temperatures to evaluate the potential differ-
ences in such interactions due to different service conditions. The entanglement factor (N) is
calculated as:

El

N=_—_
RT

(12)

Where E’ is the storage modulus at a certain temperature (T, in K) and R is the universal gas
constant.
The reinforcement efficiency (r) also gives an idea of the filler/matrix interaction:

E.=E, - (1+r-Vy) (13)

Where E’. and E’,,, are the storage modulus of the composite and the matrix, respectively, and V¢ the
percentage of the filler (by volume).

It is interesting to note that lower values of the entanglement factor are found for 20% composites up
to approximately —70°C, possibly corresponding to the end of y-transition of the HDPE (Khanna et al.
1985) (Figure 7b). From that moment, the difference in storage modulus is increasing with the
temperature, getting the lowest value for the neat HDPE. A clear difference between the composites
with fibers and with shredded material is observed for this factor, as also found in tensile and flexural
tests. The efficiency factor increases abruptly after approximately 15°C. This was also observed in the
storage modulus versus temperature plot, where the composites provided higher values of E’ than the
neat HDPE. These findings are in good agreement with the static mechanical results, where higher
mechanical performance was obtained for fibers, particularly at 20%.
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Figure 7. a) adhesion factor calculated for the composites, b) entanglement factor (left axis) and reinforcement efficiency (right axis).
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Figure 8. Results of strain-sweep rheological experiments: a) storage modulus, b) loss modulus.

Rheological behavior

Oscillatory rheometry
Figure 8 shows the storage and loss modulus (G” and G”) versus strain (y), obtained during strain
sweep assays. It can be observed that the introduction of 20% lignocellulosic filler of both types to
HDPE does not cause significant modifications of the storage and loss moduli, while both increase for
40% composites. HDPE and composites at 20% exhibit a similar trend, with a linear viscoelastic (LVE)
region in the studied range (0.1-5% strain), while 40% loadings show a shorter LVE area, with a short
step around 1% strain, although this is not considered particularly significant. The frequency sweep
tests were performed at 0.5% strain, thus in the LVE for all materials. It is well known that
incorporating fillers into polymer matrices usually produces a shortening of this LVE region; this is
connected with the creation of the spatial structure of restricted rigid filler domains (Adebayo et al.
2021; Berzin et al. 2019). 0.5% strain is a commonly used value for PE-based materials and oscillation
mode assays. For this strain, the value of G* for HDPE is 1.7 kPa, similar to 20% composites as
observed in the graph (1.4 and 1.8 kPa for fibers and shredded material, respectively), while this
increased significantly for 40% composites, increasing by almost 300% for shredded material (reaching
up to 4.5 kPa) and by 800% for fibers (arriving almost to 11 kPa).

Figure 9 shows, in logarithmic scale, the results of frequency sweep tests, in the oscillation mode,
versus angular frequency (w). At lower w all composites provide higher values of both moduli than the
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Figure 9. Results of frequency-sweep rheological experiments: a) storage and loss modulus, b) complex viscosity, c) Cole-Cole plot.

neat polyethylene, although at higher frequencies, the trend changes, and only 40% loadings show
higher moduli than PE, as observed by Patti et al. for PP composites (Patti et al. 2021). The values of G”
are higher than those of G’ for all composites, which means the viscous part is dominant over all of the
studied range; both curves follow a linear trend in a similar pattern for each material. The increase in
moduli is evident in the low-frequency range (0.1-10 rad/s), as the curves tend to overlap at high
frequencies, likely due to the fibers aligning at higher frequencies.

No flow point is obtained for any of the composite materials with 40% loadings, that is, the storage and
loss modulus do not cross-over each other in the studied region. The increase of both modules shows the
reinforcing effect of the lignocellulosic materials, with a predominant viscous character of the rheological
behavior. This effect suggests that the obtained composites materials, despite the higher resistance to flow of
the filled bulk, will not be characterized with limited processability.

Figure 9b shows the complex viscosity (|n*|) for the materials tested. A Newtonian plateau is
observed for neat HDPE at frequencies under 10 rad/s, which does not occur for composites, which are
more shear thinning in nature, as observed in other works also (Hejna et al. 2020). Complex viscosity
is higher for the 40% composites, but is reduced for 20% fiber composites, especially for shear rates
over 1 rad/s. The use of shredded material at this loading only increases the viscosity at low w values,
which would again suggest fiber alignment and overlapping at high w. The lack of plateau observed for
composites could indicate the formation of agglomerates of the lignocellulosic materials in the samples
(Barczewski et al. 2022; Berzin et al. 2019). The greater viscosity increase in low w range results from
increased physical impact of the fibrous Arundo filler characterized with higher aspect ratio. Other
works have shown a moderate increase of viscosity for up to 30% loadings of wood-derived materials,
with abrupt increases for 40% composites, which result in a more difficult processing of such
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composites (Adebayo et al. 2021; Koohestani et al. 2019). The viscosity curves for all materials show
shear thinning behavior or pseudoplasticity, meaning they become less viscous at increasing angular
frequencies. As also found in the literature, at high frequencies the effect of the interaction between
particles becomes less prominent than the matrix contributions and thus the viscosity values for
composites tend to approach that of the matrix (Adebayo et al. 2021; Ogah, Afiukwa, and Nduji 2014).

The real and imaginary parts of the complex viscosity allow the evaluation of the compatibility of
polymer blends or composite materials (Aid et al. 2019; Mysiukiewicz et al. 2020). This method, known
as Cole-Cole plot (Figure 8c), states that miscible homogeneous blends provide semi-circle-shaped
smooth curves, while deviations from this Maxwellian fluid ideality reflect a poor distribution or
miscibility of the phases studied. For this study, it is seen that PE has a relatively smooth course, close
to a semicircle, as also do 20% composites, at least to a certain value. Forty percent composites show
a higher deviation from the ideal plot, especially at higher viscosity values, where the curves tend to form
a straight line, thus indicating agglomerations of the filler, as found in other works (Mysiukiewicz et al.
2020; Stanciu et al. 2020).

Finally, the flow tests were performed to determine the zero-shear viscosity (no), using the Carreau-
Yasuda regression. As for all the parameters studied, the values for ng increase with the biomass loading, i.e.
1579 Pa-s (PE), 2529 Pa-s (PE.F20), 37970 Pa-s (PE.F40), 5156 Pa-s (PE.S20), 13250 Pa-s (PE.S40). Those
results are in agreement with the MFI values and with data reported in the literature (Adebayo et al. 2021;
Berzin et al. 2019; Mohanty and Nayak 2010) and with the increases recorded in switchover pressure during
injection molding: the higher lignocellulose content resulted in lower MFI, or higher viscosity of the
material (Figure 9). The composites with shredded material have a higher viscosity and lower density than
those with fibers. Figure 10 shows the mean MFI values obtained for the different materials, and the
modification of zero-shear stress and switch pressure during processing compared to the values obtained
for neat HDPE.

Capillary rheometry

The effect of two different lignocellulosic fillers incorporated with 20% and 40% on rheological behavior
during capillary flow was additionally investigated. The results are presented as changes of shear viscosity
(n) in the function of apparent shear rate (y,) in Figure 11. The addition of the filler increased the shear
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Figure 10. MFI and variation of zero-shear stress and switchover pressure for the different materials.
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Figure 11. Shear viscosity vs. shear rate curves obtained by capillary rheology.

viscosity compared to unmodified polyethylene. This phenomenon is characteristic of polymer composites
and was also noted for other materials modified with lignocellulosic fillers (Kuan et al. 2003; Lewandowski
et al. 2016). Arundo fiber composites were characterized by slightly lower viscosities compared to shredded-
filled series, as was also observed in oscillatory tests. The slight differences most likely resulted from the
tendency of the fibrous material to orient in the flow direction during capillary flow, which resulted in
a lower flow resistance than for composites filled with irregularly particle-shaped filler with a low aspect
ratio.

The determination of the power law index (n) according to Equation (8), allows to describe the nature of
fluid as Newtonian (n=1), non-Newtonian shear-thinning (0<1), or shear thickening (n > 1)
(Smitthipong, Tantatherdtam, and Chollakup 2015). The analyzed composites show, similarly to the
unmodified polymer, shear-thinning behavior. The decrease in the value of the power law index noted
for series with the highest share of filler in polymeric bulk is typical to the behavior of polymer composites
(Ares etal. 2010,) as described in the literature. In the case of the unmodified high-density polyethylene, the
n value is lower than for composites containing 20 wt% of the filler. This effect is rather not due to a change
in the non-Newtonian nature of the flow but to the higher likeness of non-filled high-density polyethylene
to the stick-slip phenomenon (Barczewski et al. 2017,) which results in a lower degree of fitting of the model
curve to experimental data, as shown in Table 6. The consistency factor K increased with the filler content,
resulting from increased resistance to the flow of polymeric melts with dispersed rigid lignocellulosic
structures (Sewda and Maiti 2010). Moreover, this parameter is higher for composites containing shredded

Table 6. Power law model parameters for PE and PE composites.

K n R?
Material [Pa-s"] [-] [-]
PE 4,654 0.502 0.981
PE.F20 5,420 0.557 0.989
PE.F40 15,035 0.449 0.996
PE.S20 6,328 0.543 0.997
PE.S40 17,867 0.431 0.994
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Arundo than for those with the fibrous filler; the explanation for this phenomenon may be the increased
interaction between the irregularly shaped filler particles during the capillary flow and the increased
interaction behavior of its constituents.

Structure evaluation

Figure 12 shows a representative image from SEM observation of the test samples surface for each
formulation. The surface for neat HDPE is smooth and without marks, while the composites show
a rougher surface, with some lignocellulosic material close to the surface, leading to flow marks and
shrinks. As explained in section 3.9, this different roughness explains the changes in gloss observed for
composites versus the pure matrix.

From the fracture section of the samples after the tensile tests, it can be observed (Figure 13) that
fibers are not aligned in a particular direction but are rather found well dispersed in the matrix,
without any preferent orientation. On the other hand, some pull-out can be seen, more relevant for the
composites at higher loadings. For the same ratio of filler, more pull-out was found for materials with
shredded reed. This is in agreement with the observation on the adhesion factor and the reinforcing
efficiency; fibrous composites show better adhesion and higher efficiency than those with shredded
lignocellulose materials, also explaining the better mechanical performance of such series of materials.

In Figure 13a SEM images, the cross-sections of samples with 20% and 40% fiber can be observed.
In the 20% one, no signs of evident pull-out are observed, while this is evident for the 40% composite,
where some voids appear as a consequence of insufficient adhesion between fiber and matrix. The
slight reduction in tensile strength found for this series of composites (regarding neat HDPE) might be
explained by the debonding of part of the fibers. On the other hand, Figure 13c shows a section of a PE.
F20 sample at a higher magnification, where it is patterning that all fibers are not strongly bonded to
the matrix. Although an increase in elastic modulus is found for composites, the good stress transfer
between fiber and matrix (requiring a good adhesion between phases) is evidenced by the increase in
tensile strength, which wasn’t obtained for these composites and is also happening in the literature.
Some compatibilizers would be needed to increase the compatibility between both phases; however,
special attention should be paid to the selection and application of such treatment. Most of them focus
on the use of coupling agents, such as maleated polyethylene; not all authors have found

Figure 12. SEM images of the surface of the different parts, obtained at 50x magnification: a) PE, b) PE.F20, c) PE.F40, d) PE.R20,
e) PE.R40.
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Figure 13. Cross-section micrographies for the different parts, obtained at different magnifications: a) PE.F20 and b) PE.F40 at 50X,
) PE.F20 at 250x; d) PE.R20 and e) PE.R40 at 50, f) PE.R20 at 150x).

improvements in mechanical performance, despite the expected better adhesion, as explained in
sections 3.5 and 3.6. Similar observations are made for silanized fillers, this last releasing an important
amount of volatile compounds. A balance between technical performance of the composite and
environmental behavior should be reached. Similar observations can be made regarding the compo-
sites with shredded materials, although finding, in this case, a higher number of voids (Figure 13d,e);
that is, the adhesion between the HDPE matrix and the filler is lower than for the case of fibers, which
is in line with the observations made from static and dynamic mechanical testing. Finally, it is also
evidenced for these composites that the filler consists of less homogeneous materials, with fibers and
fiber bundles (Figure 13f).

Color and gloss evaluation

The results from color and gloss evaluation are summarized in Table 7. The decrease in the L*
parameter is related to the darkening of the samples. From these values, and as observed in
Figure 14, composites with fiber are lighter and tend more yellow than those with shredded material,
which are darker and greener. Despite the different values for the L*, a*, and b* parameters obtained
for all composites, the color changes in the neat PE are similar for all samples. Regarding gloss, it can
be observed that fiber composites at both loadings provide a matted surface with lower gloss than
composites with shredded materials. At the same time, the gloss of composite shredded materials
decreased with the increased content of filler. The lower gloss is due to the rougher surface obtained
for composites.

Table 7. Parameters for color and gloss evaluation.

Color Gloss
Material L* a* b* AE 200 60° 850
PE 7247 £0.13 —0.91+0.03 -0.31+0.12 - 27.38 +£3.46 69.03 £ 5.06 84.72£2.17
PE.F20 56.26 + 0.86 12.37 £0.45 23.67 £0.91 31.845 0.98 +0.17 7.83+£1.12 8.46+2.74
PE.F40 5837+ 134 12.00+0.69 26.16 +1.37 32.651 1.06 +0.54 7.63+293 1742+ 551
PE.S20 41.61+1.24 5.32+0.30 18.77 £ 0.62 36.810 7.13+0.99 32.39+3.15 53.89+£291
PE.S40 49.33+1.48 4441024 15.61 + 1.00 28.593 3.01+0.95 18.16 £ 4.21 35.51+7.33
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Figure 14. Photography of injection-molded samples of the various formulations.

Conclusions

The obtaining of composite materials containing giant reed is still rather incipient in the literature,
contrary to other lignocellulose fibers, or to other uses given to this plant species. Most literature about
Arundo donax L. is related to the obtaining of green products, such as ethanol or levulinic acid. In this
work, two different Arundo donax L. derived materials have been used for obtaining composites at
20% and 40% weight loadings, obtaining a material with a good processability window (higher
degradation temperature than the processing one required: degradation starts at 240°C, which is
50°C above the processing temperature).

The viscosity of the composites increases with the amount of filler used, finding a more viscous
material for the composites with the fibrous material in contrast to the shredded material, due to the
higher aspect ratio of the filler. The increased viscosity is well correlated with the reductions in MFI
and the higher values of switch over pressure during the injection molding of the composites.

The FTIR analysis does not evidence any particular chemical interaction between filler and matrix;
the formation of chemical bonds between both phases would require a compatibilizer and might
reduce the pull-out of fibers in the mechanical testing, thus, to higher mechanical properties.

In any case, a good stress transfer is observed for the composites, particularly for those
containing reed in the form of fibers, even though any compatibilizer was introduced in the
process. The tensile and flexural strength was not reduced, and elastic modules in both assays
were increased significantly. So, composites with 20% fiber exhibit a tensile strength of about 19
MPa and an elastic modulus of 1.9 GPa, which is almost twice that of the neat matrix, while
flexural strength of this series is increased by a 15% (reaching 30 MPa) and elastic modulus is
also increase by over 100%, getting over 1500 MPa. The increased porosity found for composites
has not reduced the mechanical properties of the composite, which is a further indicator of the
good behavior of the Arundo-derived materials in the HDPE matrix. In any case, porosity values
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are considered low, finding the maximum value of 8.7% for 40% fiber composites; this can be
related to a good processing of the materials and also to the good thermal stability of the
material: as it is not degraded during processing, no decomposition products, in the form of
vapor or gases, are generated. Finally, only those composites with fiber increased the impact
resistance of the matrix, which might be related to better adhesion of the fiber to the matrix, as
also found in SEM observations and DMA assays. Impact strength is increased by 20% for
fibrous composites, while the composites with 20% shredded material provided comparable
values to the HDPE; only the series with 40% shredded material shows a slight decrease of
about 10% for this property.

The TGA assays have allowed confirming that the ratio of each filler used corresponds to
the blend prepared at the compounding stage, apart from confirming that the material is
thermally stable for about 50°C above the required processing temperature. Neither the
melting point nor the crystallinity of the matrix is affected by incorporating the lignocellulose
materials, as commonly accepted in literature for HDPE-based composites; melting takes place
at about 135°C. However, the heat deflection and Vicat softening temperatures are signifi-
cantly increased as a consequence of biomass incorporation; in particular, HDT is almost
increased by 100% for the 40% fiber composites (41°C for neat HDPE vs. 73°C for this
composite), while VST rises from 72°C for the matrix to 86°C for this same material. This
increase might be an indicator of the good stability of injection-molded composites for their
use under temperature-changing conditions, such as outdoor applications. In any case, the
aging performance and stability of such materials under UV and humidity cycles should be
assessed prior to anticipating a good behavior under such circumstances. The content of
polyphenols and other antioxidant compounds in biomass would provide additional benefits
to consider. These tests, together with the analysis of recyclability and the study of lifecycle of
composites would allow establishing the techno-environmental benefits of using such materials
in contrast to the neat matrix or to other composites obtained with natural fibers. The use of
a lignocellulosic filler coming from a residue would a priori result in an improved environ-
mental behavior, although this point is being confirmed in the near future by conducting
a proper LCA.

Despite their different composition, a significant increase in water uptake for the compo-
sites was observed, without significant differences due to the type of filler. Swelling is more
significant for the composites with higher loading, reaching values up to 8% for PE.F40
samples. The values obtained for diffusion coefficients are similar to those obtained in
literature for other composites with lignocellulose fibers, in the range of 2.3-3.6.107"°
m (Copani et al. 2013)/s, in the range of 100 times higher than for neat HDPE polymer, of
hydrophobic nature.

Finally, introducing the biomass in the HDPE matrix results in changes in the aesthetics of the part;
while composites with fibers tend to get a yellowish color, those with shredded reeds show a greener
aspect. The different flow behavior of both composites explains the higher surface roughness observed
in SEM for the fiber composites, which results in a matte appearance, regardless of the fiber ratio used.
For the composites with 20% of the shredded material, a thin layer of PE is likely to be formed on the
outer surface of the part, producing a smoother surface with higher gloss, which is also reduced for the
higher-loaded samples.

Therefore, the potential of giant reed as raw material to produce fibers and fillers has been
demonstrated, allowing to obtain a composite with good aesthetics, thermal stability, and
mechanical performance. Further experiments are being conducted to determine other properties
of the composites and finish their characterization; in particular, the resistance to oxidation/aging
under humid environment and UV light, the thermal and acoustic insulating character, and the
environmental behavior, including an analysis of the recyclability of the material, are being
undertaken.
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Highlights

HDPE-based composites with up to 40% biomass from Arundo donax were produced.
Addition of 20 wt% Arundo improve elastic and flexural modulus.

Thermal stability is increased due to the incorporation of Arundo biomass.

Fibrous filler provided better adhesion and properties than particle-shaped one.
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