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Abstract

This paper assesses the modifications in the properties of rotomolded polyethylene (PE) and polylactic acid (PLA) composites
obtained with 5 and 10% giant reed fibers, mainly focusing on the alterations due to a bio-disintegration process. Thermal
properties (melting temperature and crystallinity degree), morphology (via optical and scanning electron microscopy), and
chemical changes (by Fourier Transformed Infrared spectroscopy) were studied. Composites with untreated and NaOH-treated
fibers were obtained, finding that this treatment does not improve the mechanical performance of composites due to increased
porosity. The introduction of natural fibers into a PE matrix does not significantly modify the thermal and bio-disintegration
properties of the rotomolded material. Regarding mechanical properties, PE-composites show increased tensile modulus
and reduced impact and tensile strength than the matrix. On the other hand, PLA composites show lower impact and flexural
strength than neat PLA, remaining the rest of the mechanical properties unchanged regardless of the fibers' addition. The

incorporation of Arundo fibers modifies to a great extent the thermal and degradation behavior of the PLA matrix.
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Introduction

Rotational molding is a well-established technology that pro-
duces hollow parts with good surface quality and mechani-
cal properties. The range of available materials is not as
comprehensive as for other polymer processing technolo-
gies. For this reason, several authors have focused on using
materials adapted to rotomolding specificities. Polyethylene
(PE) accounts for more than 90% of the rotomolding market
[1], while polylactic acid (PLA) is the second most used
one [2-6] due to its recyclability, biodegradability, and good
properties. Some studies with other materials, such as PE/
PLA blends [6], polycaprolactone (PCL) [7], or recycled
materials, can be found in the literature. For recycled materi-
als, the use of up to 35% of cable waste in a PE matrix has
been proposed [8]. The parts made with fully recycled plas-
tic residues have also been studied, showing low mechanical
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properties due to the difficulty of obtaining PE pure fractions
from post-consumer plastics [9]. Copper slag has been intro-
duced into a PLA matrix up to 20%, bringing a compos-
ite material stiffer and harder than the polymer itself [10].
Finally, some attempts to recycle PLA fractions have been
performed [11, 12], paying particular attention to the deg-
radation that may arise in the polymer due to reprocessing.

On the other hand, the literature shows limited rotomold-
ing studies using fillers or reinforcements from natural fib-
ers or waste materials. Regarding natural fibers, Torres and
Aragon found that the introduction of up to 10% in weight
(w/w) of cabuya and sisal fiber noticeably reduced the
impact properties of the composite without any improve-
ment in tensile properties [13], while Wang et al. reported
no modification of these properties for 10% w/w flax com-
posites [14]. Ortega et al. produced composites with 5% w/w
of banana and abaca fibers with significant improvements
in mechanical properties, except for impact strength [15].
Cisneros-Lépez et al. have also found no statistical differ-
ences in mechanical properties for composites containing up
to 10% w/w of agave fibers in a PLA matrix, while higher
loadings of fibers result in an important decrease in mechan-
ical performance [16]. Hejna et al. obtained composites with
up to 20% w/w of wheat bran, although only those with up

@ Springer


http://orcid.org/0000-0002-6709-1555
http://orcid.org/0000-0002-7112-1067
http://orcid.org/0000-0003-1437-3046
http://orcid.org/0000-0003-1223-7067
http://orcid.org/0000-0002-9396-1649
http://crossmark.crossref.org/dialog/?doi=10.1007/s10924-022-02542-x&domain=pdf

Journal of Polymers and the Environment

to 5% content did not show significant loss of mechanical
properties [1]. Buckwheat husks have been used up to 30%
w/w for composites production, although with substantial
reductions in mechanical properties [17]. The use of com-
patibilizers, such as maleated PLA or glycidyl methacrylate
grafted PLA, increases the amount of fiber used up to 20%
(w/w) [18, 19]. However, this implies a further step of pro-
cessing and, thus, higher cost. 10% loading (in weight) is
commonly used for rotational molding [20].

Some authors have pointed out that the voids found
in rotomolded parts are responsible for the reduction in
mechanical properties of composites [16]. The lack of con-
tinuity in the matrix hinders the formation of the crystals.
The deficient contact between the fiber and the matrix avoids
a good stress transfer between both components. Particle
size distribution has also been proven to significantly affect
the properties of rotomolded parts [18-20] and the amount
of filler introduced into a PE or PLA matrix [17, 21].

This paper focuses on using fibers obtained from Arundo
donax L. stems as fillers of rotationally molded PE or PLA
matrixes. This species, also known as common reed or giant
reed, is a rhizomatous grass with a quick growth rate, which
makes it especially interesting due to the high amount of
biomass available. Different high-added value products can
be obtained from this plant in a biorefineries context: fibers
[22-24], bioethanol [25, 26], xylose [27], levulinic acid [28,
29] or bio-polymers [30, 31]. Different works in literature
propose its use as raw material for oil spill recovery [32],
soil remediation [33], or paper obtaining [34]. Rajkumar
and collaborators have proposed using PET as the matrix
of composites with peeled stems [35]. Similarly, several
authors have used the shredded plant to produce panels
using natural binders, such as citric acid, with applications
in acoustic and thermal insulation [36, 37].

Some authors have proposed obtaining fibers from reed
and using them for composites, especially by compression
molding. For example, Fiore et al. have obtained reed-PLA
composites with higher modulus than the matrix [38],
while Suérez et al. proposed using these fibers in PE and PP
matrixes [24] with significant increases in elastic modulus.
Monsalve Alarcon and collaborators [39] obtained compos-
ites with a PU-natural resin with improved stiffness. Other
authors have explored Arundo's use as epoxy fillers rein-
forcement [40, 41], providing higher tensile moduli and
lower strength. Finally, Ortega et al. have produced rota-
tionally molded PE-composites with this filler, with a drop
in mechanical properties [21].

On the other hand, the impact of polymers on the envi-
ronment is undeniable due to their abuse and long lifecy-
cle. In recent years, biodegradable plastics' presence in
consumer products, mainly in packaging, has been widely
increased to overcome this problem. It is essential to dif-
ferentiate between bio-degradation and bio-disintegration,
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as these terms are often confused. Degradation refers to
the modification of macromolecules due to their release
from the primary chemical chain, and it is often associ-
ated with a decrease in performance. However, it is usu-
ally preferred to refer to it as the decrease in molecular
weight. The term biodegradation refers to the degrada-
tion process performed by living cells and not by enzymes
isolated from them. So, the degradation tests usually per-
formed in literature, especially in the bio-materials field,
which assess the modifications of a material due to enzyme
action, cannot be considered biodegradation assays.
Finally, disintegration relates to the breakage of a sample
into smaller parts than the original size [42].

Plastics biodegradation is greatly affected by the nature
of the material (chemical structure and functional groups,
crystallinity, molecular weight, additives), the type of organ-
ism involved in the process (bacteria, fungi, algae), and the
conditions (temperature, humidity, pH) in which the pro-
cess takes place [43]. PLA has often been classified as a
biodegradable material, although this process only takes
place under a compost environment, that is, in the presence
of appropriate microorganisms and elevated temperature
[44]. For these authors, the main factors affecting the PLA
biodegradation process are polymer molecular weight (the
higher the weight, the slower the degradation) and the L/D
monomer ratio (higher crystallinity leads to lower degrada-
tion). Abiotic degradation can take place if the material is
immersed in hot water and is considered crucial for biodeg-
radation of PLA, as it leads to ester links hydrolysis [44, 45].

Most literature about PLA biodegradation focuses on pro-
cesses performed at thermophilic conditions (around 58 °C)
[46—48]. However, some authors suggest using mesophilic
conditions (37 °C) [49], as most municipal waste treatment
plants operate in these conditions and also because these are
usually more stable and have lower energy requirements.

This paper deals with the assessment of the properties
of composite parts obtained by rotational molding, using
two different matrixes: PE and PLA and giant reed (Arundo
donax) fibers at 5 and 10 wt % loading. Mechanical behav-
ior, morphology, and bio-disintegration of composite materi-
als have been assessed. Bio-disintegration assays have been
performed following the procedure in UNE-EN 20200:2015,
which simulates composting processes under controlled
conditions for 12 weeks. This is an important step in the
analysis scheme to assess the compostability of plastic mate-
rials. The procedure consists, in short, of studying the differ-
ences found in plastics before and after subjecting them to
the action of natural microbes found in compost. Although
the use of natural fibers for composites obtaining has been
widely studied in the literature, not much research has been
conducted on the bio-disintegration behavior of such mate-
rials. So, the main aim of this paper is to determine if the
introduction of cellulosic fibers into the polymer matrixes
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modifies its susceptibility to the microorganisms' action and,
thus, its disintegration.

Materials and Methods
Materials

A general-purpose PE from Matrix (Revolve N-461, North-
ampton, UK), in powder form, was used as matrix. The poly-
lactic acid (PLA) matrix used was from Corbion (Luminy
L105, with 99% L-isomer), also in powder form.

The fibers were obtained at Universidad de Las Palmas
de Gran Canaria (ULPGC), following previously described
processes [24]. In short, the extraction process consisted of
a mechanical step of subsequent crushing of the stems. Once
obtained and dried, fibers were cut to 3—4 mm in length. Part
of these fibers was treated to improve thermal stability using
a 1 N NaOH solution and a solid/liquid relation of 25 g/1.
The treatment lasted 1 h at room temperature and ended
with various washings with de-ionized water until reaching
neutral pH. Untreated fibers showed an average diameter of
132 +33 pm, while for treated ones, this was 92+21 pm.

Methods
Composites Production

Arundo fibers were dried overnight in an oven at 105 °C,
while PE was dried at 40 °C overnight and PLA at 100 °C
for 4 h. Composites were prepared by dry blending of the
matrix with the fibers (at 5 and 10% weight) in a V-shape
mixer and then introduced in a lab-made rotomolding
device, as described previously [21], using a rotation rate of
2.30 rpm in the primary axis and 9.14 rpm in the secondary
axis (speed ratio of 1/4). The internal air temperature in the
mold was monitored with a thermocouple introduced via the
venting hole located in the middle of one side of the cube.
The heating stage stopped when the internal temperature
reached 180 °C for PE and 185 °C for PLA, although due
to thermal inertia, interior air temperature reached slightly
higher values. The mold was cooled by forced air while
keeping the mold rotation until reaching 50 °C. Average
heating times were 22 min for PE and 32 for PLA, regard-
less of the incorporation of fibers. Contrarily, cooling times
varied for PE samples; cooling was faster for 10% loadings
than for 5% and pure PE (process cycles are found in sup-
plementary materials (Fig. S1)). Cubic parts of 120 mm
side and 3—4 mm thickness were obtained (Fig. 1), and test
bars were machined from them, following ISO 3167:2014
standard for the dimensions of the test bars for tensile tests,
ISO 178:2019 standards for flexural tests, and ISO 180:2019
standards for Izod-impact tests.

The samples obtained have been named with the matrix
used (PE, PLA) followed by the type of fiber (AD: Arundo
donax, ADt: Arundo donax treated) and the ratio of fiber
(5, 10).

Fibers are well distributed in all composite parts obtained,
although some clustering can be observed for 10% treated
fibers, especially on the inner surface of the cubes (Fig. 1b,
d-f). Untreated fiber does not seem to degrade during the
processing, as the composites obtained do not show big bub-
bles, dark color, or characteristic odor. Some authors have
experienced processing issues when using other fibers in
rotomolded parts. For example, 10% hemp fiber composites
did not even show enough consolidation unless using treated
fibers [50]. However, in this research, Arundo fibers were
successfully incorporated into the matrix, not forming fiber
balls inside the part due to the mold rotation.

Bio-disintegration and thermal behavior were assessed for
neat matrix and composites with 10% fibers.

Mechanical Testing

Composite samples were tested to determine their tensile
properties according to ISO 527-2:2012, at a rate of 10 mm/
min, determining the elastic modulus and ultimate tensile
strength. Flexural properties were measured according to
ISO 178:2019 at the same rate, with a distance between
cantilevers of 64 mm, determining the elastic modulus and
flexural strength. Tensile and flexural tests were performed
in a universal testing machine from Dongguan Liyi Test
Equipment Co. Ltd. (LY-1065). A PCE-FGl1k load cell of
200 kg maximum capacity from PCE Instrument) was used
for the flexural tests, and a YZC-516 with 500 kg maximum
capacity from Guang CE for the tensile essays. Impact tests
were performed on unnotched samples, following UNE-EN
ISO 180:2019, using a 5.5 J pendulum and an impact rate of
3.5 m/s. The energy absorbed by the part on Izod configura-
tion was determined in an Izod and Charpy impact tester
model LY-XJID 50 from Dongguan Liyi Test Equipment
Co. Ltd.

Bio-disintegration Assays

Disintegrability of the materials was determined by an assay
performed in simulated composting conditions, following
the protocol established in EN 14806:2005. A synthetic
biowaste was prepared by mixing vegetal residues, rabbit
feed (commercial product based on alfalfa and vegetable
flours, with proteins and cellulose content of 15% and 20%,
respectively), mature compost, volumizing agent (wood
chips), urea and water (up to 55% of the final weight). This
biowaste was placed in boxes (45 x 62 X 18 cm) with holes
on the lower part and sides, set at 6.5 cm from the bottom.
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Fig.1 Pictures of composite
parts obtained. PE composites
with a 5% untreated fibers in
PE, b 10% untreated fibers

in PE, ¢ 5% treated fibers in
PE, and d 10% treated fibers.
PLA composites with e 10%
untreated fiber in PLA and f
10% treated fiber in PLA

¢ PE.ADt.5

€ PLA.AD.10

A 5 cm—Iayer of expanded clay is placed on the bottom of
the boxes to ensure ventilation and drainage.

The boxes are manually aerated weekly for the first four
weeks and then every two weeks. pH, weight, and humidity
levels were assessed weekly during the entire process, while
temperatures were checked daily. Once dried and weighted,
each sample was placed in the synthetic waste with enough
distance not to touch either the walls of the box or other
sample and then entirely covered with more synthetic waste.
The overall duration of the assay was 12 weeks.

At the end of the test, the samples were recovered, washed
with water, and oven-dried at 105 °C, obtaining the disinte-
gration degree as follows:

o

m
Disintegration degree (%) = - 100
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d PE.ADt.10

where my is the dry mass of each test bar at the end of the
assay and m, is the initial mass of this same bar.

Microscopic Observations

After the tensile test, the surface of obtained parts and
cross-section of test samples were observed under an optical
microscope and SEM. An Olympus BX51 microscope was
used for optical microscopy to assess the differences found
in the parts' surfaces.

The surface microstructure of samples was also assessed
before and after the disintegration assay. A Hitachi TM3030
tabletop scanning electron microscope (SEM) under differ-
ent magnifications, working at 15 kV, was used for this pur-
pose. Test bars were sputtered with a thin Au/Pd layer in
an SC 760 apparatus from Quorum Technologies for 120 s
and 18 mA under an argon atmosphere. For the assays after
the bio-disintegration assay, PE samples were obtained by
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cutting a layer of the test bars. For PLA, this was not pos-
sible due to the material fragility. These samples were then
obtained just by pressing the samples with fingers.

Thermal Behavior

Differential scanning calorimetry (DSC) was performed on
all samples in a Perkin Elmer DSC 4000 apparatus. The
measurements were performed at 10 °C/min, from 30 to
200 °C, with two heating cycles. Melting temperature for
both heatings (T,,; and T,,,, respectively) and crystalliza-
tion temperature (T,) from the cooling step were determined,
together with melting and crystallization enthalpies (AH,,;,
AH,, and AH,). Cold crystallization temperature (T,.)
was not observed for the studied samples. For PLA sam-
ples, glass transition temperature (T,) was also calculated.
Enthalpies were used for crystallinity degree () calculation,
using the following expression:

| AH, - AH,,
AH,

- 100

r= I —mg
where AH, is the enthalpy for 100% crystalline sample
(93.7 J/g for PLA and 293 J/g for PE) [17], and my is the
mass fraction of the fiber (10% for composites). Three assays
were performed for each sample, and results are given as
average values and standard deviations.

Infrared Spectroscopy (FTIR)

Fourier infrared spectra of the samples were recorded in the
range of 400-4000 cm™! in a Perkin Elmer Spectrum Two
spectrometer, in the attenuated total reflection mode (ATR),
with a resolution of 4 cm™'. Different intensity ratios were

Fig.2 Evolution of weight and
humidity in the disintegration
boxes (left axis), together with
temperature and pH (right axis)
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calculated for each polymer matrix to determine the exten-
sion of the sample changes. Three spectra were obtained for
each sample, accumulating 60 scans per spectrum.

Results
Evolution of Bio-disintegration Recipients

The variation of the magnitudes measured during the entire
assay is drawn in Fig. 2: the weight of the disintegration
boxes (in %), temperature, and humidity values.

It is clearly observed that the weight is reduced gradually,
due mainly to the reduction in the humidity of the synthetic
biowaste, as also observed in the figure. Initial pH was 8.31,
which increased during the first weeks, coinciding with the
release of ammonia odor, which was later disappearing, as
expected. The maximum pH value was 9.1 in week 4. No
signs of mold or other alterations were observed during the
process.

The graph also shows that the biowaste temperature is
progressively decreasing due to the low biological activity.
In any case, the temperature inside the disintegration boxes
was higher than the room temperature, and condensation
could be observed on the recipients' walls, thus indicating
the existence of biological activity inside them. Room tem-
perature was quite variable in the period of the year where
the assay took place (March—-May). Some more mature com-
post and vegetable residues were added to the biowaste to
increase the microbial activity and overcome this instability,
although this did not have much effect (this is the reason for
the weight increase in week 4).

At the end of the assay, the biowaste did not have any
specific odor, and its color was notably darker. Photographs

r 35 100

pH

[ 30

Temperature (°C)

[ 25

H
[

0o 70
Week Week Week Week Week Week Week Week
4 5 6 7 8 9 10 12
Humidity — — —RoomT Internal T eeeeeeee pH

@ Springer



Journal of Polymers and the Environment

of the samples were taken for visual comparison and also
observed in an optical microscope. Some samples (PLA
composites) were broken when recovered.

Recovered samples were dried and weighted to determine
the extent of the disintegration as the weight loss percent-
age. Figure 3 shows that the PE samples have almost no
change, while weight loss of up to 1.4% for PLA composites
was obtained. 100% PLA samples do not show a significant
disintegration, while adding natural fibers seems to increase
this behavior slightly. It should be pointed out that, to ver-
ify that the assay was correctly prepared and that biologi-
cal activity existed, a commercial biodegradable material
(Bioplast 300, based on starch) was introduced as reference
material, and this reached almost 40% in weight reduction.
As already mentioned, PLA is considered compostable in
thermophilic conditions, which is, at around 60 °C, which
explains the low values of weight loss obtained in this study.
Other authors working in compost piles at similar tempera-
tures have also got similar weight losses [51]. The crystal-
linity of the PLA also plays a vital role in the disintegration
and degradation behavior. As shown later, the grade used in
this research showed high crystallinity (around 50%), which
could also explain the relatively low degradation. The PLA
grade used contains 99% of L-isomer, also influencing the
degradation; the higher D—enantiomer content, the higher
degradation rates, and the lower crystallinity (also increasing
degradation kinetics) [48].

The increase in the hydrophilicity of the compos-
ite is needed for PLA degradation; for that reason, the

Fig.3 Optical microscope
pictures taken after the disinte-
gration assay. Lateral view of
composites: a 10% Arundo in
PE matrix, b 10% Arundo in
PLA matrix, ¢ Surface of PLA,
d Surface of 10% Arundo PLA

@ Springer

introduction of vegetal fibers could help in the PLA
hydrolysis reactions [51, 52]. For this reason, the humid-
ity absorption of samples before and after the process was
measured (Table 1). As observed, humidity absorption
of samples before the process is almost null (maximum
around 1% for PLA composites), while this increased to
close to 20% for PLA-treated Arundo composites. PE
composites increase their hydrophilicity after the disin-
tegration assay, reaching around 5% of moisture absorp-
tion. Before bio-disintegration, the hydrophilicity of PE
and PLA composites is higher than for neat polymers,
regardless of whether the fiber has been or not treated;
due to the nature of the polymer, PLA materials show
higher moisture absorption than PE-based ones. How-
ever, the PLA parts with treated fibers show significantly
higher hydrophilicity than untreated ones after the essay,

Table 1 Average values (+standard deviations) for disintegration
degree and moisture absorption

Material Disintegration Moisture absorption (%)
degree (%)
Before After
PE 0.11+£0.03 0.09+0.03 0.86£0.31
PE.AD 10 —0.58+£0.07 0.90+0.10 4.66+£0.23
PE.ADt 10 —0.72+£0.04 0.90+0.06 5.88+0.30
PLA —0.30£0.10 0.68+0.03 4.03+£0.55
PLA.AD 10 —0.89+£0.07 1.27+0.04 12.63+0.45
PLA.ADt 10 - 1.40+0.28 1.32+£0.04 19.11+£0.88




Journal of Polymers and the Environment

which correlates with the higher disintegration degree.
The moisture absorption of PE composites increases after
the essay and is significantly higher than for PE, but fiber
treatment does not show any statistical difference.

Regarding the extent of the disintegration, PE materials
do not show differences among the three series of materials
tested; that is, no breakdown happens for this matrix. The
increase in hydrophilicity is then only due to the presence
of fibers in the matrix. On the other hand, the introduction
of giant reed fibers within the PLA matrix increases the bio-
disintegration ability of the material, especially for NaOH-
treated fibers. Dong et al. [53] have found a similar behavior
for PLA/coir composites obtained by compression molding;
parts with treated fibers provide higher disintegration rates
in soil burial assay. These authors attribute this behavior to
the release of residual NaOH and its interaction with the
polymer chain. This paper also points out that a fiber ratio
over 10% does not lead to further increases in biodegradabil-
ity kinetics. The increase in weight loss for PLA composites
compared to neat PLA can be due to their higher hydrophi-
licity and the higher porosity obtained for these composites,
which increases the surface exposed to water and the biota
in the synthetic waste.

Mechanical Properties

Table 2 shows a summary of results obtained for the dif-
ferent properties assessed. The composite density is lower
than the density obtained for the polymer parts. The fiber
treatment does not significantly affect the density of the
composite, being more relevant the amount of fiber in the
material. Other authors have reported a higher density of
the composite for treated fiber composites than for untreated
ones [21, 54]. As fibers used in this research have similar
composition [24] to those obtained by Fiore and collabora-
tors [23], the density determined by these authors (1.168 g/
cm?) can be assumed. Comparing composites' theoretical

density (density of the polymer and density of the filler mul-
tiplied by the ratios of each component) with the actual one
(obtained by volume and weight measuring of the samples),
calculating the porosity of the different materials. Higher
fiber loadings result in higher porosity values. Besides, the
use of treated fibers also led to an increase in porosity due
to the formation of fiber agglomerations and poorer distri-
bution, although this does not seem to affect the mechani-
cal properties of the composite. This higher porosity, also
observed in microscopy, is responsible for the relatively low
mechanical properties determined.

Neither for PE nor for PLA composites did the NaOH
treatment performed on the fibers seem to affect the mechan-
ical properties of the composites, contrary to what was
expected, being more significant the amount of fiber used,
as also happened for density.

For PE, the impact strength is only significantly reduced
for composites with 10% fibers, with no significant differ-
ence due to the fiber treatment. 5% PE composites show
no statistical differences for this property for untreated and
treated fibers. Longer fibers can provide better impact prop-
erties, as the energy needed for fiber pull-out is higher due to
the longer distance required for this to happen [55] (assum-
ing fiber does not break). However, in rotational molding,
particle size distribution is a critical aspect for obtaining a
well-consolidated part [54]; besides, long fibers result in
entanglements, poor distribution, and the fibers not incorpo-
rated into the polymer matrix [50, 56]. The low impact prop-
erties found in this research have been previously reported
in the literature for rotomolded composites [15, 16, 57] and
can be explained by the low adhesion between the matrix
and the fiber. Ortega et al. have obtained composites with up
to 20% of size-classified Arundo fibers in a rotomolded PE
matrix, also finding significant drops in impact strength [21].
Some authors have proposed using compatibilizers based on
maleic anhydride to increase this adhesion and thus the com-
posite efficiency [55]. The production of parts with different

Table 2 Average values (+ standard deviations) for mechanical properties of the materials

Material Density Impact Tensile properties Flexural properties Porosity
(g/cm3) Strength (kJ/m?) Strength (MPa) Modulus (MPa) Strength (MPa) Modulus (MPa) (%)
PE 0.901+0.023  19.0+3.8¢ 16.1+0.3 381.5+59.4 18.7+2.1" 623.7+75.2" 3.6
PE.AD 5 0.855+0.013*  154+3.4¢ 13.4+0.48 467.7+33.8 182+1.4 662.8+112.5" 6.5
PE.AD 10 0.809+0.031°  11.8+4.7° 11.4+0.8" 489.0+32.9 18.3+0.7' 791.6+1152" 12.8
PE.ADt 5 0.838+0.340°  14.7+3.4¢ 13.4+1.48 5447 +81.4 18.1+1.11 690.1+105.7" 8.3
PE.ADt 10 0.804 +0.170° 9.8+1.8° 11.8+0.8" 502.6+81.4 17.3+1.0' 737.9+1259" 133
PLA 1.212+0.024  21.1+5.0 17.3+5.6' 865.4+161.5% 57.7+4.5 3862.1+412.1° 23
PLAAD 10 1.088+0.024¢ 40+1.4 20.1+2.7 874.0+179.0 33.7+2.6™ 3148.3+280.0°  10.1
PLA.ADt10  1.079+0.037¢ 3.7+0.7" 18.5+2.8 774.8 +108.4% 33.4+6.3™ 3007.3+690.2°  10.6

Tukey tests for comparison of properties of the different series of materials have been used at a 95% confidence level.

Those materials with the same superscript letter show no statistical difference for the property.
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layers, at least one of them the neat polymer, has also been
proposed as a strategy to reduce the drop in impact proper-
ties [8, 15]. However, this requires higher processing times,
makes the process more complicated, and reduces the fiber
ratio in the final part.

Tensile strength is diminished for all samples, being
this loss more important for higher percentages of fibers.
Other works working with lignocellulosic materials in rota-
tional molding have also found lower tensile strength with
increased fiber content [1, 20, 21, 58]; tensile strength drops
by 50% when working with as low as 5% of hemp fibers
[50]. This reduction may be due to the increased porosity
of samples with the fiber introduction and the fiber agglom-
eration, which limits stress transfer between the fibers and
the matrix.

Tensile elastic modulus slightly increases for the PE-
composites, with no difference in this case due to the fiber
content. It is accepted that the introduction of fibers will
increase tensile modules due to their higher rigidity [55]. In
any case, the particularities of the rotational molding pro-
cess, where no pressure is applied, result in lower increases
for this property than in other procedures, such as injection
or compression molding [16]. Using compatibilizers based
on maleic anhydride results in higher tensile modulus [55].

Finally, no significant changes in flexural properties are
found among neat PE and composites, despite the ratio of
fiber used. Other studies have found no differences in these
properties when using 10% bamboo [57] or agave fibers [S5].

For PLA, the impact strength is greatly reduced due to
fibers, reaching around 20% of the values found for the poly-
mer, for composites with treated and untreated fibers. This
drop, together with the reduction to almost half in flexural
strength, can be attributed to the increased porosity of the
samples and the pull-out of the fibers from the matrix, as
already explained for PE. Incorporating Arundo fibers in the
PLA matrix has not modified the tensile properties of PLA.
Similarly, agave fibers have not significantly changed tensile
properties in PLA [16]. In contrast, using buckwheat husk
in lower proportions has led to a drastic decrease in tensile
strength [17] at comparable porosity values. This difference
in behavior may be due to the format of the material used
in both studies (fibers here and particles in that study), as it
is well known that the morphology of the filler affects the
reinforcing effect.

Microscopic Observations

Optical microscope pictures allowed observing some poros-
ity and voids in the parts, even before the disintegration pro-
cess. Good distribution of fibers is found along the surface
and through the wall thickness of the specimens (Fig. 3). The
only change observed in PE parts is the darkening of the fib-
ers, while for PLA ones, many cracks appear in the surface
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and cross-section of the parts. Pure PLA parts show some
more roughness on the surface after the assay, although no
cracks are visible (pictures of the samples before the essay
are found in supplementary material (Fig. S2)). The swell-
ing of fibers during the process may have forced the cracks
to appear by size increase or by the water effect in the PLA
and the beginning of hydrolysis.

The cracks appearing in PLA composite (Fig. 3b, d) parts
were visible to the naked eye when recovering the parts from
the synthetic compost. Some of them were even broken after
the process, thus showing the extent of the degradation that
occurred, even for the low weight loss observed in the assay
and previously discussed.

SEM micrographs for PE and PLA samples (Figs. 4, 5,
respectively) show a smooth surface, almost free of poros-
ity, while some voids can be observed for composites. For
both matrixes, fibers appear randomly distributed and with
poor adhesion with the matrix, as pull-out and separation
between fiber and matrix are observed, thus explaining the
relatively poor mechanical properties of the prepared com-
posite. As already mentioned, no differences were found in
SEM observations due to the bio-disintegration assay for this
matrix. For PLA, however, the material appears fragmented,
with many cracks on all surfaces of PLA-composite parts, as
also observed in the optical microscope.

DSC

Typical DSC curves and results are obtained for all compos-
ites before and after the disintegration assay, as observed in
Table 3 for PE samples and Table 4 for PLA ones. For poly-
ethylene samples, the melting temperature is around 129 °C,
with no difference due to the fiber content. No difference in
temperatures due to the bio-disintegration assay was found,
indicating, once again, that the biological process does not
modify these materials. Melting and crystallization peaks
are not altered, and enthalpies are only slightly reduced due
to fiber introduction. Finally, no differences between the
first and second heating cycles were observed, neither in
temperatures nor in crystallinity values (values not shown
in Table 2). Crystallinity seems to decrease in the assay
because of the differences in melting enthalpies, which are
also lower. This apparent reduction in crystallinity might be
confirmed by other techniques, such as X-ray diffraction.
Other authors have reported similar behavior for PE com-
posites: no significant differences in thermal properties when
adding foreign materials and crystallinity levels of around
40% due to the rapid crystallization of PE [17].

For PLA samples (Table 4), glass transition (58 °C) and
melting temperatures (170 °C) are placed within the ranges
indicated by the product datasheet and are also similar to
other PLA-based materials. T, increases with the introduc-
tion of Arundo fibers due to hindering PLA chains' mobility
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Fig.4 SEM micrographs for
PE samples. Left pictures
correspond to samples before
disintegration assay, right ones,
after. a, b PE, ¢, d PE+ 10%
Arundo fibers, e, f PE+ 10%
treated Arundo fibers

'-I'M3030_7190 2022/05/17

TM3030_5757 2021/06/28

TM3030_5763 2021/06/28

[16]. This is also observed here for T,,, which may indicate
that the PLA matrix did not suffer any degradation during
the processing. No cold crystallization is observed, probably
because a high crystallinity level can be obtained from the
process, due to the long cycle time, especially in the cooling
stage. Other authors [17] found lower crystallinity values
in this same process, although with a different PLA grade,
also observing increases in this parameter with the introduc-
tion of lignocellulosic materials and finding a cold crystal-
lization band. A crystallization peak in the cooling stage
is observed for all samples, contrary to what was observed
by Andrzejewski et al. in their mentioned work. However,
other authors obtaining high crystallinity levels for the neat
PLA have also observed a decrease in crystallinity when
introducing foreign materials [59], thus showing the depend-
ence of crystallinity levels with the PLA grade and the filler/

N

N

N

2022/05/17 N D126 x50

2022/05/17 N D11.2 x50

D9.3 x60

2022/05/17 N D119 x50

D9.3 x100 1mm :I'M3030_7182

reinforcement used. Greco et al. [4] have demonstrated that
rotomolded PLA after aging for 60 days at room temperature
does not show any cold crystallization peak, which is in line
with observations in this study, where DSC was performed
not immediately after parts obtaining. So, Arundo fibers may
act in this paper not as a nucleating agent but as hindering
the crystallization naturally occurring for this material.
Once more, PLA samples show significant changes in the
thermal behavior because of the assay. The melting and glass
transition temperature decreased in the samples after the bio-
logical assay. This may indicate a reduction of the average
molecular weight of the polymer and, thus, that the assay
affects (degrades to some extent) the matrix. The composites
show higher reductions than the neat PLA samples, which
means that the introduction of fibers positively impacts the
material's disintegration. This is probably due to the higher
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Fig.5 SEM micrographs for
PLA samples. Left pictures
correspond to samples before
disintegration assay, right ones,
after. a, b PLA, ¢, d PLA+10%
Arundo fibers, e, f PLA+10%
treated Arundo fibers

"I'M3030_7098 2022/05/17

TM3030_7103

2022/05/17

water absorption found for composite samples, as moisture
has been determined as a determinant factor in the biodeg-
radation process.

Table 3 Thermal parameters for PE samples from DSC assays

Material Tm, (°C) Tm, (°C) T (°C) X1 (%)
Before the disintegration assay
PE 129.0+0.5  127.0+0.1  1099+0.2 41.4+0.8
PE.AD 129.6+04  1284+03 1082+0.2 343+53
PEADt  129.1+0.1  127.2+00 109.7+0.0 38.1+5.6
After the disintegration assay
PE 1293+09  1285+0.8 108.5+0.7 30.6+2.5
PE.AD 129.7+0.1  126.8+0.0 109.9+0.0 37.9+0.5
PEADt  1313+12 1283+06 108.5+0.8 31.7+3.2
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The second heating curve for samples after the disintegra-
tion assay shows a double melting peak, not appearing in
the first heating. This can be explained by the first thermal
heating, where the PLA thin crystals' are able to melt and
recrystallize at low heating rates, the existence of more than
one crystal structure, or the presence of different lamella
morphologies [38]. This ability to crystallize can be seen
in the second heating cycle, which continues showing high
crystallinity levels.

FTIR

FTIR spectra for PE samples show no variations among
the fingerprint of pure PE or composites (Fig. 6), thus
meaning the polymer fully covers the fibers. The main
differences are a wide band (low intensity) between 3600
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and 3000 cm~! and the appearance of small bands between
1200 and 900 cm™!, which are attributed to the presence
of fibers. For samples after the disintegration assay, these
differences are even less noticeable. If the spectra before
and after the assay are compared, no differences are found,
thus evidencing, once again, the low effect of the essay
on the properties of the composite. Some works studying
the aging of PE point out the appearance of some peaks
in the FTIR spectra related to carbonyl, peroxides, and
unsaturated groups at around 1700, 1200, and 900 cm™!
[60], while differences in the intensities at 2920, 1465 and
717 cm™! are indicative of degradation [61]. The evalua-
tions performed in this work have not found any of these

bands for PE, meaning none of these groups are present
in the samples, or at least not in a noticeable proportion.
On the other hand, for PLA samples, no difference
is observed with the introduction of fibers in the matrix
(Fig. 7). At the same time, some evident changes can be
seen when comparing the spectra before and after the disin-
tegration assay, as peaks for fiber overlap those of PLA and
because polymer mostly covers the fibers. So, no evident
interaction between the fibers and the matrix is observed,
as otherwise observed in SEM micrographs. These spectra
show the typical bands for PLA, that is, carbonyl (-C=0)
stretch in lactide (1747 cm™"), —CH; bend (1465 cm™!,
1381 cm™!, and 1127 cm™"), C=0O stretch (1180, 1078
and 1043 cm™"). Bands at 866 and 756 cm™' are related,

Table 4 Thermal parameters for

Material Tm, (°C Tm, (°C Te (°C % % T, (°C
PLA samples from DSC assays atena m () m, €O (O X1 (%) X2 (%) (O
Before the disintegration assay
PLA 1704+14 167.3+3.0 109.0+0.4 61.9+5.5 52.1+10.8 58.1+0.7
PLA.AD 174527 172.9+4.5 108.4+1.6 45.6+3.0 41.5+8.8 67.7+1.2
PLA.ADt 175.7+04 175.2+0.1 110.1+0.1 402+24 36.4+0.2 68.9+0.1
After the disintegration assay
PLA 168.5+1.8 163.1+2.5 107.2+3.6 57.7+12.3 48.0+9.0 59.1+2.8
PLA.AD 170.3+14 164.4+0.7 109.9+0.2 48.7+2.5 489+3.0 62.9+04
PLA.ADt 168.2+0.1 159.2+4.7 107.4+2.0 59.9+69 55.7+8.6 63.6+3.0
Fig.6 FTIR spectra for PE sam- 100 100
ples before the disintegration v '\I-"T v [ r—'—\ i
assay (left) and after (right) __ %0 ‘ ‘ __ 9% [ | ‘ ‘
s 2 /\ 'i ‘
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respectively, to the amorphous and crystalline phases of
PLA [11, 62]. Gorrasi et al. also propose using the band at
920 cm™! as an indicator of crystallinity [48].

To determine the degradation extent, the bands related
to carbonyl groups and ester groups are of particular inter-
est because the degradation of the matrix can lead to the
formation of anhydrides, carbonyl, and carboxyl groups.
Some ratios are calculated with the absorption values for
these bands, using the band for -CHj; to normalize results
[11, 52]. Table 5 shows the absorption values for these
bands and the ratios obtained by dividing them by this at
1465 cm™!. Ratios 1-3 (related to disintegration) show a
significant increase in the comparisons before and after the
disintegration assay, showing the extent of the modifications
in the materials. For R4, related to the sample crystallin-
ity, no trend is observed, which otherwise correlates with
the DSC results on this parameter; this same observation is
made when comparing the peaks at 922 cm™!. On the other
hand, higher ratios are also observed for composites than for
neat PLA, as these refer to carboxyl and ester groups, also
present in fibers.

Conclusion

Arundo donax fibers from stems have been introduced into
rotomolded PE and PLA matrixes following a simple dry
blending method, obtaining acceptable porosity levels and
good fiber distribution. The impact properties are greatly
affected by introducing 10% of fibers for both matrixes. PE
composites show similar flexural behavior to pure PE, with
a decrease of around 15% in tensile strength and an increase
of over 20% in elastic modulus. PLA composites show simi-
lar properties to neat PLA, except for a significant decrease
(around 40%) in flexural strength. The relatively poor
mechanical behavior of the composites can be explained by
the presence of voids and the poor adhesion between fiber
and matrix, as found in SEM observations. NaOH fiber treat-
ment does not affect the composite's mechanical or thermal
properties.

Regarding the bio-disintegration assays, PE is almost
unaffected, as no changes in FTIR spectra, calorimetric
behavior, or morphology features are found. The composite
after the assay seems to be slightly more hydrophilic and has
less crystallinity. On the other hand, modifications to PLA-
based materials are visible just after recovering the samples
from the synthetic residue prepared. For these parts, many
cracks are observed, especially for composite samples. The
degradation is confirmed in DSC assays, with a reduction
in glass transition and melting temperatures. FTIR analysis
also shows the degradation of the matrix, with the increase
in the intensity of bands related to carbonyl and ester groups;
some ratios calculated for these peaks and normalized show
the extent of the modifications achieved. The treated fiber
composites show higher values for these ratios, which the
presence of residual alkali solution may explain.

The weight loss of the samples during the bio-disinte-
gration assay is almost null for the PE samples, being also
quite low for the PLA samples. This can be explained by the
low temperature used in the process and the characteristics
of the PLA grade used in this work, with high crystallinity
and L-isomer.

The greater extent of modification found for PLA com-
posites compared to neat PLA can be explained by the
higher water absorption due to the natural fibers' addition,
which is an essential step for PLA degradation. Further
assays should be performed to determine the changes in the
polymer matrix, for example, if PLA has reduced its average
molecular weight. Besides, the crystallinity of samples using
X-ray diffraction could also help understand how the incor-
poration of fibers affects the crystallinity of these composites
and if this is modified during the bio-disintegration process.
Finally, micro-CT could also be performed before and after
the assay to determine changes in porosity.

This paper shows the extent of the modifications that
occurred in lignocellulosic fibers/PLA composites in a low-
temperature disintegration process, as a first approach to
determining the biodegradability of these materials.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10924-022-02542-x.

Table 5 Absorption ratios for

o . Material R1=1747/1465 R2=1183/1465 R3=1085/1465 R4=756/866

characteristic bands in PLA

degradation Before the disintegration assay
PLA 0.679 1.244 0.849 1.119
PLA.AD 1.043 1.252 0.925 0.970
PLA.ADt 2.064 2.503 2.108 1.030

After the disintegration assay

PLA 2.702 4.030 3.324 1.124
PLA.AD 1.597 2.727 1.961 1.128
PLA.ADt 1.947 3.159 2.510 1.132
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