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The main objective of this study is to review the applicability of rapeseed straw (RSS) as a sustainable filler
material in polylactic acid (PLA)-based biocomposites. The effect of different RSS particle sizes and concentra-
tions (0-20 wt%) on the mechanical, morphological, thermal, and water absorption properties was investigated.
The composites were fabricated by melt compounding using a twin-screw extruder followed by injection
molding. The mechanical properties were analyzed through tensile and flexural tests and Charpy impact tests.
The morphology of the samples was investigated by scanning electron microscopy (SEM). The thermal properties
and the crystallinity of the composites were determined through differential scanning calorimetry (DSC). Me-
chanical properties revealed an increasing stiffness of PLA as a function of RSS loading, albeit at the cost of
strength. SEM images have shown a limited interfacial adhesion between PLA and the straw, which was sug-
gested to be responsible for the decreased strength values. Based on the DSC measurements, the RSS fibers
facilitated the nucleation in the composites, thereby decreasing the cold crystallization temperature of PLA. The
conducted experiments demonstrated that environmentally friendly and economically attractive biocomposites

can be fabricated by substituting part of the PLA with RSS as a lignocellulosic by-product.

Introduction

In the past few decades gradually depleting fossil resources along
with the pollution caused by drastically accumulating plastic waste have
acted as an important driving force for the development of environ-
mentally friendly polymeric materials. To reduce the contribution of
plastics to worldwide generated waste, intensive research is being car-
ried out. Currently, there are two major routes, when it comes to sus-
tainable polymer development. Accordingly, there are i) studies
promoting the reuse and recycling of traditional plastics (Ronkay et al.,
2021; Lendvai et al., 2022), while other experiments are aimed at ii) the
fabrication of novel, partly/entirely biodegradable polymeric materials.

In this latter respect, poly(lactic acid) (PLA) has received consider-
able attention as a “green” alternative. PLA is a linear aliphatic ther-
moplastic copolyester derived from renewable resources, and is also
biodegradable at the same time. It has physical and mechanical prop-
erties similar to poly(ethylene terephthalate) (PET). Besides its obvious
benefits, PLA also exhibits some disadvantages, therefore it is often
paired with other materials to prepare polymer blends or composites
with tailored properties. When it comes to technical applications the
major drawbacks are its low heat resistance and toughness, while for
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commodity applications its rather high price. Even though PLA is
considered a relatively inexpensive material within the group of
biodegradable polymers, its average cost of ~5 €/kg is still several times
higher than that of petrol-based commodity plastics, which greatly
limits its potential to substitute petrochemical polymers like poly-
propylene (PP) or polystyrene (PS). In order to reduce the cost of plas-
tics, while making them also environmentally friendlier, one of the most
commonly used methods is to incorporate low-cost filler materials into
them (Vaisanen et al., 2016). Hence, considerable efforts have been
devoted to the research and development of multicomponent polymeric
systems containing agricultural and/or forest industry by-products in
order to improve the matrix materials’ performance, while also
decreasing the overall production costs of the designed products
(Lendvai et al., 2023; Singh et al., 2023b; Nweze Nwogu et al., 2022;
Mishra et al., 2022). Following this principle, various natural resources
have been employed to fabricate polymer composites, including hemp,
bamboo, wheat straw, coconut shell, maize hull, sunflower husk, rice
husk, etc. The straw leftover from harvested crops is one of the world’s
largest biomass resources (Amalina et al., 2022). According to estima-
tions, straw makes up over 50% of the yield of crops (Wen et al., 2020).
Unfortunately, in many countries, open-air burning is still a popular
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method to get rid of unnecessary agricultural residues despite the fact
that burning straws is an illegal activity (Yaashikaa et al., 2022). During
this process, numerous harmful pollutants (CO, CO3, CHyg, SO, NH3,
etc.) are released that are responsible for the deterioration of air quality
and consequently affect public health (Yaashikaa et al., 2022; Bhatta-
charyya et al., 2021; Pang et al., 2022; Wang et al., 2020). Up to now,
extensive studies have been performed on potential routes of crop straw
valorization to promote sustainable waste management. These studies
are mostly centered on the utilization of straws for energetic purposes or
using them as additives in composite materials.

Rapeseed — which is traditionally used for animal feeding and
vegetable oil production - is one of the most abundant crops worldwide
with an annual production of 75 million metric tons (https://www.stati
sta.com/statistics/263930/worldwide-production-of-rapeseed-by-
country). Therefore, the proper handling of rapeseed straw (RSS) waste
is a vital social concern, and it receives more and more interest in as-
sociation with biodiesel production (Elsayed et al., 2022). The crop:
straw ratio of rapeseed is rather high, roughly 2:3. Being a lignocellu-
losic agro-residue, RSS is composed of three major components; cellu-
lose (33-50%), hemicellulose (12-25%) and lignin (17-29%) (Gaballah
et al., 2020; Wang et al., 2020; Ji et al., 2014; Ziganova et al., 2022).

The development of natural (waste) fiber-filled polymer composites
(NFRPCs) is a constantly growing field. Particularly within vehicle
production, it is a proper strategy to utilize straw fiber-filled NFRPCs
and resources. The main idea behind it is to create novel structural
materials for various uses by combining polymeric materials with
vegetable-based lignocellulosic by-products. The resulting composites
potentially exhibit enhanced mechanical and physical properties rela-
tive to the parent polymer, and additionally, fewer petrochemicals will
be required for the production, since part of the plastics can be replaced
by “green” low-cost fillers that are considered as waste otherwise. This
makes the fabricated composites more environmentally friendly and
cheap. Due to the above-mentioned benefits, numerous recent studies
have been aimed to find an effective purpose for the available crop straw
resources (Bilal et al., 2017; Tian et al., 2018; Sohni et al., 2018; Zeleke
et al., 2023; Pascoli et al., 2022). If the used polymer matrix is also a
biopolymer (like PLA), then there is an additional advantage, namely
that the fabricated composites will be entirely biodegradable as well
(Zeleke et al., 2023; Ranakoti et al., 2022; Beniwal and Toor, 2023;
Wang et al., 2022). Owing to their decent strength, excellent stiffness,
and the fact that they can be processed with common manufacturing
techniques, NFRPCs find extensive applications in various fields, such as
the automotive, building, biomedical, and electronic industries
(Vaisanen et al., 2016; Wang et al., 2020; Singh, 2021; Ranakoti et al.,
2022).

Zhang et al. (Zhang et al., 2020) fabricated wheat straw-reinforced,
recycled polyethylene-based composites and analyzed the effect of
wheat straw content (20-60 wt%) and fiber size on the properties. It was
found that the tensile strength of the composites increased up until 50 wt
% straw content; above that, however, it deteriorated. Meanwhile, both
the tensile and flexural modulus increased gradually. On the other hand,
the elongation at break of the polyethylene was gradually reduced.
Regarding fiber length, long fibers were preferred for their higher
strength and stiffness, while shorter fibers enabled more deformability.
Feng et al. (Feng et al., 2020) tested four different kinds of straw fibers
(sorghum, rice, corn, and soybean) as fillers in PLA/poly(butylene-adi-
pate-co-terephthalate) blends. Superior mechanical properties were
found for soybean straw-filled samples, which was attributed to their
highest cellulose content. It was followed by rice straw, sorghum straw,
and corn straw, respectively. The corn straw-filled composite, as the
worst choice, exhibited 25.3% lower tensile strength, 14.6% lower
flexural strength, and 27.8% lower impact strength than those blends
filled with soybean. These major differences were explained by the loose
structure of the corn straw’s inner core, which was difficult to be soaked
by the matrices. In the study of Qi et al. (Qi et al., 2022) the authors used
corn straw fibers (30 wt%) as fillers in PLA-based biocomposites. The
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fibers were classified according to their size in the ranges of 20-40 mesh,
40-80 mesh, 80-120 mesh, and >120 mesh. PLA showed to be superior
regarding its tensile and bending strength against all composites. Among
the PLA/corn straw composites the ones with the lowest particle size
exhibited the best mechanical properties. Pongputthipat et al. (Pong-
putthipat et al., 2022) used rice straw as reinforcement in PLA/natural
rubber films with 3-10 wt% straw powder. The presence of rice straw
led to improved Young’s modulus, although at the cost of tensile
strength and elongation at break.

As outlined above, recent years have seen numerous studies being
devoted to exploiting the potential of various agro-residues in polymer-
based biocomposites, including the ones with PLA matrix. In this
respect, RSS is an exception, since there are no reports in the literature
about pairing this abundant vegetable by-product with PLA up to this
point. In this research, RSS-filled composites have been prepared using
PLA as matrix material to offer a potential substitute for commodity
plastics in single-use applications. Both the size and the concentration of
the straw particles were varied in order to understand their effect on the
behavior of the polymer matrix. Mechanical, morphological, thermal,
and physical properties have been analyzed to explore the structur-
e—property relationships of the developed composite samples.

Materials and methods
Materials

The PLA used as the polymer matrix of the biocomposites was the
Ingeo Biopolymer 2003D grade produced by NatureWorks Ltd. (Min-
netonka, MN, USA). According to its datasheet, this polymer has a
specific density of 1.24 g/cm®, a D-isomer content of 4%, a melting
temperature of 170 °C, and a melt flow rate of 6 g/10 min (at 210 °C and
2.16 kg).

Chopped RSS as lignocellulosic biomass with a fiber length of 30-50
mm was supplied by Miké Stroh Borotai-Laska Ltd. (Baja, Hungary). The
biomass was washed using purified water in order to eliminate potential
contaminations and then dried in a heated oven. Subsequently, the dry
straw fibers were ground using a feed grinder and then sieved with a
Matest A059 sieve shaker (Treviolo, Italy). The particles were fractioned
through sieving into three groups according to their size: large, medium,
and small. The large fraction (L) was collected from the sieves between
35 and 60 mesh (500-250 pym), the medium (M) from the sieves between
60 and 120 mesh (250-125 pm), while the small (S) fraction from the
sieves between 120 and 250 mesh (125-63 pm).

Preparation and processing

Before the melt compounding, both the RSS fibers and the polymer
granules were dried in a Faithful WGLL-125BE type air-circulating
dehumidifier (Huanghua, Cangzhou, China) at 80 °C for 4 h to pre-
vent the hydrolytic degradation of PLA throughout the processing.
Subsequently, composites with varying RSS concentrations and particle
sizes were prepared through melt mixing. The melt compounding was
carried out using a Labtech twin-screw extruder model LTE 20-44
(Samut Prakarn, Thailand) with a screw diameter of 20 mm and a
length-to-diameter ratio of 44. The temperatures of heating zones along
the extruder barrel were set to 155-185 °C from feeder to die, while the
rotational speed of the screws was 30 rpm. The extruded strings were
solidified using an immersion cooling tank filled with distilled water.
After that, granules were obtained by pelletizing the solid composite
strings with a Labtech LZ-120/VS type strand pelletizer (Samut Prakarn,
Thailand). The formulations of the fabricated biocomposites are shown
in Table 1.

In order to achieve sample geometries suitable for characterization,
injection molding was applied as the next step of preparation. For this
purpose, an Arburg Allrounder Advance 420C injection molding ma-
chine (Lossburg, Germany) was used, which was equipped with a 35 mm
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Table 1
List of materials prepared in this work with their designations and composition.

Designation ~ PLA content [wt Rapeseed straw content Rapeseed straw
%] [wt%] size

PLA 100 0 -

PLA2.5M 97.5 2.5 M (60-120 mesh)
PLA 5 M 95 5 M (60-120 mesh)
PLA 10.M 90 10 M (60-120 mesh)
PLA_20.M 80 20 M (60-120 mesh)
PLA 10_S 90 10 S (120-250 mesh)
PLA_10_L 90 10 L (35-60 mesh)

screw. Note that before the injection molding, both PLA and the PLA-
based biocomposite granules were dried once more under the same
conditions as they were dried prior to the extrusion, to remove their
inherent moisture content. During the injection molding a mold with a
twin cavity of dogbone-shaped specimens (EN ISO 527-2, type A) was
equipped onto the machine. Injection molding was performed at a barrel
temperature ranging from 175 to 195 °C, while the mold temperature
was fixed at 30 °C. The injection speed was 40 cm>/s, and the holding
pressure lasted for 15 secs with a pressure profile of 750-650-250 bar.
For tensile tests, the injection molded specimens were used directly,
while for the flexural tests and Charpy impact tests the ends (gripping
parts) of the specimens were removed through cutting to obtain rect-
angular bars.

Characterization

Particle size analysis

Particle size analysis of the RSS fibers was performed based on op-
tical microscopic images acquired by a Zeiss Axio Imager Al stereomi-
croscope (Carl Zeiss, Oberkochen, Germany). RSS fibers were well
spread on a homogenous black plastic platform in a way that they would
not overlap each other. To determine the particle size of the L, M, and S
fractions, the fiber width and length of at least 1000 particles in each
fraction were measured manually using the integrated numerical caliper
of the applied optical microscopes’ dedicated software. Based on the
results the mean length, width, and aspect ratio of each fraction were
calculated.

Differential scanning calorimetry

Differential scanning calorimetric (DSC) measurements were per-
formed by a Netzsch DSC 200 F3 calorimeter (Selb, Germany). Samples
of ~5 mg were analyzed under nitrogen flow. Firstly, the specimens
were heated up from 25 °C to 200 °C and maintained at 200 °C for
5 mins. Subsequently, the samples were cooled down to 25 °C at 5 °C/
min and then heated up once more to 200 °C at a rate of 5 °C/min. The
thermal properties were determined based on the second heating, while
the first heating run served the purpose of erasing the thermal history of
the samples. The crystallinity degree was determined using Equation
(1):

_ AHI”
~AH® X wppa

(€Y

Xe

where X, is the degree of crystallinity of PLA, AH,, (J/g) is the heat of
fusion of PLA, AHy; (J/g) is the heat of fusion of 100% crystalline PLA
(taken as 93.7 J/g (Zhang et al., 2020) and wpr4 is the weight fraction of
PLA in the sample.

Scanning electron microscopy

The morphology of the fracture surfaces obtained through the impact
tests was observed by scanning electron microscopy (SEM) at an accel-
eration voltage of 10 kV using a Hitachi S-3400 N apparatus (Tokyo,
Japan). The samples were sputter coated with a gold layer before SEM
inspection to prevent charging. For this purpose, a Quorum SC7620
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Mechanical properties

The tensile tests were conducted according to the EN ISO 527 stan-
dard by using a double-column universal testing machine model Instron
5582 (Norwood, Massachusetts, USA) equipped with a load cell of
10 kN. The initial gauge length was 100 mm, and the strain rate was 5
mm/min. The flexural tests were carried out in accordance with the
ENISO 178 on the same Instron 5582 machine that was used for the
tensile tests. Flexural tests were performed using rectangular specimens
of 80 x 4 x 10 mm, and a span length of 64 mm. Impact testing was
performed according to the EN ISO 179 standard using a Ceast 6545
pendulum machine (Pianezza, Italy) in Charpy-mode. An impact energy
of 2 J was applied on un-notched samples. The specimens used for this
measurement were rectangular bars of 80 x 4 x 10 mm with a bearing
distance of 62 mm. The tensile, flexural, and impact tests were repeated
five times for all samples in order to ensure reproducibility. Average
values and standard deviations were calculated from these five repeti-
tive measurements. All data were statistically elaborated by analysis of
variance (ANOVA) and compared using Tukey’s test at a 5% significance
level.

Dynamic mechanical analysis

The dynamic mechanical analysis (DMA) of the PLA/RSS composites
was performed by using a TA DMA Q800 instrument (New Castle,
Delaware, USA). The specimens were analyzed with a dual cantilever
grip at 1 Hz from 25 °C to 150 °C with a heating rate of 2 °C/min. The
storage modulus and loss factor were determined as a function of tem-
perature for all of the specimens with an amplitude of 20 pym.

Water absorption

In order to study the water absorption, three specimens of each
sample were immersed in deionized water at room temperature. Prior to
the immersion, all the samples were dried until a constant weight was
achieved. The samples were taken out periodically to record the gain in
weight. After being removed from the distilled water, the surface of the
samples was wiped using a paper towel to remove any excess moisture.
The percentage of water absorption was calculated by Equation (2):
Water absorbed(%) = u x 100 2)

0

where W, is the weight of the sample at time t after exposure to water,
while Wy is the initial dry weight.

Results and discussion
RSS fiber size measurements

Fig. 1 shows optical microscopic images (Fig. 1a, c, e), and the fiber
length /fiber width distributions of the three RSS factions (Fig. 1b, d, f),
while Table 2 represents the calculated mean values, standard de-
viations and aspect ratios. The width distribution of S-, M- and L-sized
straw fibers exceeding 90% was found to be in the range of 45-125 ym
(Fig. 1b), 75-230 pym (Fig. 1d), and 130-430 um (Fig. 1f), with mean
values of 79 um, 137 pm, and 254 um, respectively. Meanwhile, the
length distribution of the three factions concentrated in the range of
100-390 pum, 200-690 um, and 470-1700 um, respectively. Apparently,
the mean length of L-sized fibers was considerably larger relative to its
width, when compared to the M and S fractions, resulting in the highest
aspect ratio of 3.79. On the other hand, the S-sized fibers had the lowest
aspect ratio, indicating that these particles had the least “fiber-like”
geometry out of the three.
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Fig. 1. Microscopic images and width/length distribution of RSS particles of various sizes — S: 120-250 mesh (a, b); M: 60-120 mesh (c, d); L: 35-60 mesh (e, f).

Table 2
The mean values of RSS length and width for the various size fractions (S, M, L)
and their aspect ratio.

Straw fraction Mesh size Length [um] Width [um] Aspect ratio [-]
S 120-250 2124+91 79 £ 24 2.68
M 60-120 391 + 150 137 + 53 2.85
L 35-60 963 + 366 254 + 81 3.79

Differential scanning calorimetry

Fig. 2 depicts the DSC thermograms recorded during the second
heating run of unfilled PLA and the PLA/RSS composites, while Table 3
shows the thermal properties obtained from the curves, such as glass
transition temperature, cold crystallization temperature, melting tem-
perature, cold crystallization enthalpy, melting enthalpy, and crystal-
linity ratio. The unfilled PLA sample showed three thermal transitions.
The first one was a shift in the baseline at 60.2 °C, indicating the glass
transition (Ty). The T was followed by the cold crystallization (T,) in a
form of an exothermic peak, exhibiting its maximum at 105.7 °C. Even
though PLA is a semi-crystalline polymer, due to its relatively slow

Heat flow [mW/g] Exo >>

PLA
PLA 2.5 M
PLA 5 M

PLA_10 M
PLA 20 M

PLA 10 S
PLA 10 M
PLA 10 L

20

40

60 80 100 120

140 160 180 200

Temperature [°C]

Fig. 2. Characteristic DSC curves of the fabricated samples (second heat-

ing run).
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Table 3

Data obtained from the DSC analyses.
Sample Ty Tec AH,. Tmi1 T2 AH,, X

[°C] [°C] [J/8] [°C] [°C] [J/8] [%]

PLA 60.2 105.7 24.8 148.3 154.4 249 26.5
PLA 2.5 M 59.1 105.5 26.1 147.8 154.4 26.2 28.7
PLAS5 M 58.8 105.4 25.9 147.8 154.7 26.2 29.4
PLA_ 10.M 58.5 103.7 25.8 147.4 155.2 26.7 31.6
PLA_20.M 58.3 102.9 25.1 147.3 155.3 25.9 34.6
PLA_10S 58.7 103.7 27.3 147.3 155.3 28.2 33.4
PLA_10_L 58.7 103.9 23.9 147.4 155.2 24.8 29.4

crystallization kinetics it remained in a rather amorphous structure
throughout its cooling from the melt. Therefore, in the temperature
range of 90-125 °C the increased chain mobility facilitated the
arrangement of PLA molecules into crystalline phases. The last transi-
tion observed on the DSC curve of PLA was related to the melting of the
crystalline domains, which occurred as an endothermic double peak in
the temperature range of 125-160 °C. The temperature corresponding to
the first, slightly larger melting peak (T,,;) was at 148.3 °C, while the
second one (Ty;2) was at 154.4 °C For the double melting of PLA, mul-
tiple theories can be found within the literature (Yasuniwa et al., 2004;
Ambrosio-Martin et al., 2014). Yasuniwa et al. (Yasuniwa et al., 2004)
attributed this double melting phenomenon to a melt-recrystallization
process. According to the suggested model, the melt-recrystallization
enables the small and imperfect crystals to transform successively into
more stable crystals. Following this theory, there are two crystalline
species present in PLA (x and ), one of which is less ordered, than the
other. Considering that recrystallization is a time-consuming process,
the amount of the recrystallized crystals is limited and it depends on a
number of factors. There is also another hypothesis, according to which
there is only a single crystalline species that comes with two different
crystalline morphologies (Tabi et al., 2016; Zhang et al., 2008). The
main difference between these two variations is that the one denoted as
a is more stable, thereby it exhibits a higher melting temperature
compared to the less stable a’ metaphase. The amount of o and o’
polymorphs is dependent on the temperature where the crystallization
took place. When the crystallites are formed below 100 °C, then the less
ordered o’gets developed, while above 120 °C the stable a is the
preferred polymorph. If the crystallization occurs between these two
temperatures (100 and 120 °C) then a combination of the two poly-
morphs will be formed, which ultimately leads to the double melting
behavior. The melting enthalpy (AH,;: 24.9 J/g) calculated through the
integration of the double peaks roughly equals the enthalpy value that
was determined for the cold crystallization (AH.: 24.8 J/g). This sup-
ports the assumption made previously, namely that the PLA was rather
amorphous before the heating run.

The incorporation of RSS in various concentrations into PLA altered
the characteristic transition temperatures of PLA, as is also indicated in
Fig. 2 with the dashed lines. The T shifted to slightly lower temperatures
in the presence of RSS. Even though rigid filler particles tend to increase
the Ty, the glass transition temperature of polymer composites depends
on numerous factors, one of which is the characteristics of the interphase
between the components. A reduction in T, generally indicates a poor
interfacial adhesion between the matrix and the reinforcement. (Tao
et al., 2017; Lee et al., 2008). The temperature of cold crystallization
gradually decreased with growing RSS concentration, bottoming at
102.9 °C for the PLA_20_M sample. This earlier crystallization during
heating can be ascribed to the nucleating effect of RSS particles on the
polymer, an assumption which is also supported by the fact that not only
the crystallization started earlier, but the ratio of crystallinity also
increased from 26.5% up to 34.6%. At the same time, the ratio of the two
melting peaks also altered, with the second one becoming more domi-
nant with increasing RSS. In the case of the o’ and o theory, the opposite
was to be expected considering the reduced T, values. Accordingly, the
melt-recrystallization mechanism is more justified in this case, which
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was greatly facilitated by the presence of RSS particles based on the
current results. The characteristic temperatures of the crystalline
melting were barely affected by the presence of RSS. The melting peaks
of the two crystalline species were recorded in the small range of 147.8
+ 0.5 °C and 154.9 + 0.5 °C, respectively, for all composite samples.

There was barely any change in the characteristic transition tem-
peratures, regardless of the straw’s sizes; however, the smaller particles
resulted in a considerably higher crystallinity ratio, which is suggested
to be due to the larger number of particles (more nucleation sites), when
they are incorporated in the same weight ratio.

SEM analysis

In order to understand and justify the mechanical behavior of the
fabricated samples, SEM analysis was performed. The micrographs of
the fracture surfaces obtained after the impact tests are shown in Fig. 3.
As seen in Fig. 3a the fracture surface of the unfilled PLA is rather
smooth, barely any pores or voids can be seen, similar to that already
presented in the literature (Tao et al., 2017). On the other hand, with the
addition of RSS, the surface becomes rather rough, while voids and
micro-cracks get formed. Even though the straw particles seem well
encapsulated within the PLA matrix regardless of the fiber size (Fig. 3b,
c,d), gaps can be observed between them, indicating poor wettability,
and as a result barely any adhesion between the components. This
assumption seems rather reasonable, considering the fact that PLA has a
non-polar surface making it hydrophobic, while straw, with its polar
surface is rather hydrophilic. This and the cellular structure of the RSS
particles can both be a source of the deteriorating mechanical properties
of the PLA/straw composites (Mengeloglu and Karakus, 2008), as seen
later. Meanwhile, the straw particles tend to have a rather rough surface,
which is assumed to enable some stress transfer through mechanical
interlocking between the polymer matrix and the filler particles, espe-
cially for the ones with a higher aspect ratio.

Tensile and flexural mechanical properties

The results of the quasi-static tensile and flexural mechanical prop-
erties are summarized in Table 4, whereas the representative stress—
strain curves recorded during the tensile and flexural tests are plotted in
Fig. 4.

Generally, composites with increasing RSS content exhibited slightly
lower tensile strength values than neat PLA because of the lack of
interfacial load-transfer capacity between the hydrophobic polymer
matrix and the hydrophilic straw particles. As a consequence, the initial
tensile strength of PLA (57.3 MPa) dropped by ~10 MPa, when 20 wt%
of RSS was added to it. During the last several years, a large body of work
has been devoted to overcoming this drop in strength of NFRPCs by the
introduction of additional chemicals as coupling agents or using surface
treatment on the fibers, thereby improving interfacial adhesion (Lendvai
and Patnaik, 2022). However, taking this route greatly reduces the
“green” characteristics of the fabricated composites, making them less
environmentally friendly. Besides, the resulting strength values of all the
composites prepared in this study are still considerably higher than of
those petrochemical polymeric materials that are currently being used
for single-use products and packaging purposes, like PP or PS (~30
MPa). Similarly to the tensile strength, the flexural stress at conventional
deflection values also dropped with increasing RSS loading, and the rate
of reduction was roughly the same. It has to be noted that composites
with >10 wt% RSS concentration exhibited failure before reaching the
point of conventional deflection. Accordingly, in those cases, it is the
flexural strength that was reported according to the standard. At high
straw concentrations, the intensive agglomeration of particles might
also be responsible for the loss in strength, as it deteriorates the effec-
tiveness of load transfer from the matrix to the fiber (Chollakup et al.,
2011). Regarding the composites filled with identical amounts of RSS at
various sizes it can be observed that the presence of larger particles was
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Fig. 3. SEM images of samples PLA (a), PLA_10_S (b), PLA_10_M (c), and PLA_10_L (d).

Table 4

Young’s modulus, tensile strength, elongation at break, flexural modulus, and
flexural stress at conventional deflection values of PLA-based biocomposites
(identical letters in the superscripts are not statistically significantly different at
0.05 according to the Tukey’s HSD test; * means flexural strength values are
reported instead of flexural stress at conventional deflection since the sample
broke before reaching the conventional deflection limit).

Sample Young’s Tensile Elongation Flexural Flexural
modulus strength at break [%]  modulus stress at
[GPa] [MPa] [GPa] conv. defl.
[MPa]
PLA 2.58 + 57.3 + 475 + 3.42 + 98.8 +
0.03? 0.7% 0.86° 0.03% 0.9%
PLA25M 263+ 52.4 + 3.58 + 3.53 + 9.1 +
0.03? 0.7° 0.47° 0.05° 0.7°
PLA 5.M 2.76 + 50.9 + 3.08 + 3.65 + 94.0 +
0.06° 0.6° 0.317¢ 0.03¢ 1.0°¢
PLAIOM 299 + 48.3 + 2.35 + 4.08 + 87.5 +
0.10° 1.4%¢ 0.15%4 0.02¢ 1.9%
PLA20M  3.42+ 46.5 + 1.88 + 4.41 + 79.6 +
0.03¢ 0.2f 0.054 0.04° 1.6
PLA_10S 3.01 + 47.5 + 2.25 + 3.96 + 86.6 +
0.05¢ 0.2%f 0.29%4 0.05 2,69
PLA_10L 3.17 + 49.7 + 212+ 417 + 92.6 +
0.04° 0.4%¢ 0.09¢ 0.048 1.6%*

accompanied by a higher tensile and flexural strength. Accordingly, the
sample PLA_10_L exhibited the highest tensile strength out of the various
10 wt% RSS-containing samples (49.7 MPa), while PLA_10_S performed
the worst (47.5 MPa). Likewise, the flexural strength of the composites
filled with L-sized straw particles (92.6 MPa) was superior compared to
the S-, and M—sized straw-containing samples (86.6 and 87.5 MPa,
respectively). This effect could be ascribed to the larger aspect ratio of
the L-sized straw fibers compared to the M and S as discussed in section
3.1. Larger aspect ratios can better allow stress to be transferred from the
matrix to the fibers. Similar observations were made recently in the
literature for various polymer matrix/natural filler composite combi-
nations (Zhang et al., 2020; Zhang et al., 2020; Borysiuk et al., 2021).

The Young’s modulus of unfilled PLA was 2.58 GPa, which was
increased to 2.63, 2.76, 2.99, and 3.42 GPa for the composites con-
taining 2.5 wt%, 5 wt%, 10 wt%, and 20 wt% of M—sized RSS, respec-
tively. These modulus values are much higher than that of PP (~1.3
GPa) and comparable to that of PS (~3.2 GPa). Parallel to the
enhancement of Young’s modulus, the flexural modulus also exhibited
an increment as a function of filler loading, peaking at 4.41 GPa for the
PLA_20_M sample, which is relatively ~30% greater than that of neat
PLA (3.42 GPa). Generally, the incorporation of agricultural residues
into various polymer matrices tends to produce such a boost in stiffness
due to the particles acting as rigid fillers within the composite. The sole
reason for the modulus values of the composites showing an opposite
trend compared to the strength is the fact that the latter is greatly
affected by the quality of adhesion between the components, while it
does not play a crucial role at low levels of mechanical loads, in which
stage Young’s modulus is determined.

The elongation at break considerably decreases with increasing RSS
content. This reduction can be attributed to the higher degree of brit-
tleness caused by the addition of straw fibers. The incorporation of RSS
decreases the chain mobility leading to lower flexibility and making the
polymer more rigid. Meanwhile, it is also reasonable to conclude that
due to the limited interfacial adhesion, the straw particles may act as
stress concentration sites, thereby leading to early failure when the
composite is exposed to a critical level of mechanical load. The same
explanation can be applied for the samples with high RSS-loading
breaking before reaching the conventional deflection limit during the
3-point bending test. In this respect, there were no significant differ-
ences between the samples with different straw sizes; all the results were
within the deviation range.

Charpy impact strength

The impact strength of neat PLA and its RSS particulates-filled bio-
composites with different straw concentrations and straw sizes are
shown in Fig. 5a and Fig. 5b, respectively. The average impact strength
of unnotched PLA specimens was found to be 15.01 kJ/m2, which is
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Fig. 4. Characteristic tensile and flexural curves of PLA-based biocomposites with different RSS concentrations (a, b) and RSS sizes (b, d).
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rather close to the values reported in previous studies (Lendvai et al.,
2023). Considering the straw fiber concentration, it led to gradually
declining toughness. Similar findings were described in the literature for
NFRPCs filled with various matrices and fibers (Singh et al., 2023a;
Nourbakhsh et al., 2008; Golmakani et al., 2021; Yu et al., 2016). The
lignocellulosic particulates in the PLA matrix act as stress concentration
points, thereby providing sites for crack initiation and potential com-
posite failure (Nourbakhsh et al., 2010). The impact strength of the PLA/
RSS composites bottomed at 5.73 kJ/m? for the 20 wt% RSS-containing
composite; however, there was no significant difference regardless of the

RSS loading in the whole range of 2.5-20 wt% according to the statis-
tical analysis. The loss in toughness can be ascribed to the rigid char-
acteristics of RSS fibers and to the incomplete wetting of the straw fibers
with the PLA resin due to the hydrophilic nature of straw and the hy-
drophobic nature of PLA, resulting in reduced interfacial bonding and
strength with increased filler content. Fig. 5b shows that the particle size
of the straw fillers also significantly affects the impact properties of PLA.
Among the samples containing 10 wt% straw of various sizes, the sample
filled with the smallest S-sized particles exhibited the highest impact
resistance, while a deterioration in toughness was observed with
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increasing particle size. In terms of toughness, PLA itself behaves rather
poorly, thereby, it is obviously no competitor of PP regarding this
property, especially when filled with straw fibers. Meanwhile, its impact
strength is still comparable to that of PS.

Dynamic mechanical behavior

The results of the DMA measurements are revealed in Fig. 6. The
effect of RSS content on the storage modulus of PLA as a function of
temperature is depicted in Fig. 6a. In the lower temperature ranges PLA
exhibits a glassy state indicated by a considerably high storage modulus,
which drastically starts to drop at 55-60 °C due to the glass transition of
the material. The initial modulus of over 2.5 GPa falls below 0.005 GPa
at this point. This section of the curve, where the modulus is this low is
mostly referenced as the first rubbery plateau of PLA in the literature
(Cristea et al., 2020). In the range of 90-110 °C a rise can be observed,
which occurs as a direct result of cold crystallization, which was enabled
by the increased mobility of chain molecules at this elevated tempera-
ture. The increased stiffness can be attributed to the confinement effect
of crystalline arrays exerted on the diminished amorphous phase. From
here on is the second rubbery plateau of the polymer with a roughly
constant storage modulus of ~ 0.1 GPa, which lasts until the melting of
the crystalline structure (Cristea et al., 2020). Compared to unfilled PLA,
the storage modulus of the RSS-filled PLA composites increased in the
whole analyzed temperature range. The sample containing 20 wt%
straw fibers exhibited the highest storage modulus, followed by the 10
wt%, 5 wt% and 2.5 wt% containing ones, with the last one being almost
identical with unfilled PLA, their curves mostly overlapping. These
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results are in good agreement with the trends observed in the modulus
values during the tensile and flexural tests. Fig. 6b shows the loss factor
(tan §) curves of the samples containing different amounts of RSS. The
curves show one major peak, corresponding to the glass transition
temperature of PLA. Based on the peak maximums, all the samples
showed a T, between 66 and 68 °C with PLA having the highest one,
which is in good accord with the DSC results, even though the actual T
values were slightly higher in this case. This difference is normal, since
DMA measurements are typically performed at a specific frequency with
a mechanical load being applied and thus the observed transition is the
dynamic glass-to-rubber transition process, while during the DSC anal-
ysis a calorimetric glass-to-rubber transition temperature is detected.
The decrease in glass transition as a function of RSS indicates poor
interfacial adhesion between PLA and the straw particles. Fig. 6¢ and
d show the storage modulus and loss factor curves of 10 wt% RSS-filled
samples with different straw size. According to the results, with
increasing straw particle there is an increased enhancement in the
storage modulus, which is again in good agreement with the tensile and
flexural tests and represents the better reinforcement efficiency of the
larger particles. Meanwhile, the T; of PLA was not affected by the par-
ticle size, the tan§ of all samples peaked at the same temperature
(~67 °Q).

Water absorption

The water absorption behavior of PLA and its RSS-filled composites
was investigated by immersing each sample in deionized water at room
temperature for 60 days. The data regarding the percentage water
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Fig. 6. Storage modulus and loss factor curves of PLA-based biocomposites with 0-20 wt% RSS of 60 120 mesh (a, b) and PLA-based biocomposites with different

RSS sizes at 10 wt% concentration (c, d).
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uptake, obtained through the gradual monitoring of the samples’ weight
is shown in Fig. 7. The water absorption behavior of all the prepared
samples indicated that the amount of absorbed moisture increases as a
function of soaking time. Fig. 7a shows the water absorption of the PLA/
RSS samples at different filler loadings. According to the recorded data,
the growing amount of straw particles gradually increases the water
absorption tendency of the composites, which can be attributed to the
hygroscopic nature of the RSS. Besides, capillarity is also suggested to
contribute to the penetration of water into the cellular structure of the
straw (Mu et al., 2018). As a result, after 60 days, the water uptake of
pure PLA (0.7%) increased up to 3%, when 10 wt% M—sized rapeseed
straw was incorporated into the polymer. Meanwhile, some specimens
of sample PLA_20_M slightly started to disintegrate at this point, with
small pieces peeling off from its surface, making it impossible to analyze
any further. Nevertheless, its moisture content exceeded 4% even after
40 days, which is considerably higher than any of the other samples’. In
the literature, the studies dealing with natural filler loaded PLA com-
posites containing various particles in this amount show similar values
of water absorption (~4%), indicating that RSS is a viable option in this
regard as well (Ndazi and Karlsson, 2011; Kamaludin et al., 2021; Tee
et al., 2017). Regarding the straw particles of different sizes (Fig. 7b), it
can be seen that the curves corresponding to the M-sized and L-sized
composites were almost entirely overlapping, while the composite with
the smallest straw fibers peaked at a somewhat lower moisture content
indicating fewer voids, which seems reasonable considering the obser-
vations made based on the SEM images.

Cost analysis

The material cost of the prepared samples (€/kg) was calculated
based on the cost of the components (PLA and RSS) used to develop the
composites and it is presented in Fig. 8. The price of unfilled PLA is the
highest (5 €/kg) since it contains the cost of PLA. By incorporating RSS
into the polymer, the price of the composites gradually decreased due to
the inherently lower cost of waste straw particles (0.25 €/kg). Accord-
ingly, the sample with the highest (20 wt%) RSS content exhibited the
lowest material price with 4.05 €/kg. It has to be noted that the costs can
depend on many more factors other than raw material costs (additional
processing and preparation steps, etc.). Here, however, they are not
considered, since any additional costs are dependent on the specific
machinery and further field of application.

Conclusion

Interest in using natural fiber reinforced biocomposites instead of
synthetic, petrochemical polymer composites has been increasing

Material cost [€/kg]

v
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Fig. 8. Calculated material cost of the prepared samples.

steadily to maintain environmental sustainability. From this aspect,
utilizing vegetable-based by-products to replace plastics seems to be a
viable option to promote a “green” future, since these particles mainly
consist of cellulose, lignin, and hemicellulose. Considering these per-
spectives, PLA/rapeseed straw composites were developed, and their
thermal, morphological, mechanical, and physical properties were
investigated. RSS was used in different amounts (0, 2.5, 5, 10, 20 wt%)
and in different sizes (35-60, 60-120, 120-250 mesh). The DSC analysis
showed a decreasing T and T, with increasing RSS content, while the
crystallization was facilitated by the straw particles during the heating
of composites, indicating that RSS is an effective nucleating agent,
especially in the smallest (120-250 mesh) size. Scanning electron
microscopic images revealed a limited interfacial adhesion between the
matrix and the filler, which also manifested in slightly deteriorating
strength properties as seen during the tensile-, flexural- and impact tests.
On the other hand, the stiffness of the samples improved by up to ~30%
as seen in the enhanced values of Young’s modulus and flexural
modulus. The water absorption of the biocomposites increased at higher
lignocellulose content; however, using smaller particles was an effective
way to reduce the water uptake. Overall, rapeseed straw fibers were
found to have a prominent potential as additives in biodegradable
polymer composites. Even at the maximum analyzed RSS loading, the
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mechanical properties were still comparable to those of petrochemical
plastics, such as PP or PS that can potentially be replaced with these eco-
friendly materials; indeed, in some cases they even exceeded those.
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