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Abstract: Wood flour-paired poly(lactic acid) (PLA)-based biocomposites were fabricated with filler
contents of 0, 2.5, 5, 10, and 20 wt.%. The samples were processed through extrusion followed by
injection molding. The injection-molded specimens were subjected to tensile tests, impact tests, and
water absorption tests. Based on the results, increasing the amount of lignocellulose fibers effectively
improved the modulus of PLA from 2.8 to 3.6 GPa at 20 wt.% wood flour loading; however, this
came at the cost of strength, which dropped from 55.0 to 48.8 MPa. Additionally, the incorporation
of lignocellulose increased the hydrophilicity of the composites, resulting in a threefold increase in
water absorption at 10 wt.% filler content. These results provide insight into the effects of embedding
lignocellulose fibers into PLA.

Keywords: poly(lactic acid); PLA; wood flour; composite; biocomposite; natural fiber-reinforced
composite; sustainability

1. Introduction

In today’s consumer society, the focus is mainly on manufacturing products with less
emphasis on their afterlife. This approach results in an immense accumulation of waste. A
substantial portion of waste originates from plastic products; according to estimations, the
total weight accumulated by 2020 exceeded 7.4 billion metric tons and is expected to reach
40 billion tons by 2050 [1]. Recycling is considered a potential solution to mitigate this
issue; however, despite being aware of the environmental effects, a considerable percentage
of society does not follow the guidelines to promote this sustainable method of handling
waste [2]. Another alternative is to substitute traditional petrochemical-based plastics with
polymers that can decompose over a short period. This way, plastic products could degrade
shortly into non-harmful components instead of accumulating.

Biopolymers are classified depending on their source and biodegradability [3]. Non-
renewable biopolymers are produced using fossil-based petrochemical sources, while
renewable ones are derived from biomass [4]. Nowadays, there is an abundance of literature
on the topic of biopolymers [5-7]. Among the various bioplastics, poly(lactic acid) (PLA) is
by far the most prevalent, making up almost 14% of the global biopolymer production [8].
Its monomer production market share is 3.2 billion USD [9], with predictions indicating a
gradual increase in the coming years.

Lactic acid (LA), the main building block of PLA, is a naturally occurring biopolymer;
however, its production on a large scale is rather challenging. Most commonly, it is
synthesized through microbial fermentation [10]. To obtain PLA, LA has to go through
polymerization procedures, such as polycondensation or ring-opening polymerization [11].
Due to the relatively high cost of PLA production, researchers have devoted considerable
efforts to reducing these costs. One potential strategy to achieve this goal is to develop
composite materials by pairing PLA with reinforcement or filler materials.
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Such polymer composites are gaining more and more recognition and are being
utilized in many areas, therefore. Single-use plastics and non-load bearing parts are
already being substituted with various biopolymer composites, including in the automotive
industry. Under-the-hood gears and interior panels, such as dashboards and door panels,
have been replaced in many modern vehicles [12]. Currently, researchers are working
tirelessly to develop biopolymer composites suitable for industrial purposes [13,14], as
they can reduce both the weight and the production costs of parts, and by utilizing natural
fillers, their environmental friendliness can be improved, thereby meeting the derivative
quotas set by governments and environmental advocates.

Wood flour (WF) is an attractive filler type due to its low cost and easy integration
into polymer production. Yu et al. [15] experimented with adding different coupling
agents to PLA/WEF/poly(butylene succinate) composites to promote adhesion between the
components, successfully enhancing the tensile strength by 45% compared to the untreated
counterparts. However, due to the use of harmful chemicals, this method challenges the
environmentally friendly nature of the composite. Other researchers have also attempted
to prepare complex mixtures, which makes it challenging to determine the specific effects
of the incorporated WE.

In this study, PLA was mixed with WF-based lignocellulose fibers at various weight
percentages (0-20 wt.%) by extrusion, and the prepared composites were injection molded
into specimens suitable for characterization. The mechanical properties were assessed
through tensile tests and Charpy impact tests, and their water uptake was also determined
by submerging the specimens in deionized water and measuring their weight increase.

2. Materials and Methods
2.1. Materials and Processing Techniques

Ingeo 3052D PLA of NatureWorks (Plymouth, MN, USA) was used as the matrix
material for the fabricated polymer composites. This PLA grade has a density of 1.24 g/cm?
and a crystalline melting temperature of 145-160 °C. Its glass transition temperature is
between 55 and 60 °C, and its melt flow rate is 14 g/10 min (2.16 kg /210 °C). Lignocel S 150
TR-grade commercial WF, kindly supplied by ]J. Rettenmaier & Sohne GmbH (Rosenberg,
Germany), was utilized as the natural fiber. According to the supplier, it is derived from
untreated softwood and has a fiber length of 70-150 pm.

Before composite fabrication, both components were dried for 4 h at 80 °C in a Faithful
WGLL 125 BE drying chamber (Cangzhou, China). Afterward, PLA and WF were mixed to
prepare dry mixtures with previously optimized [16] component ratios, as summarized in
Table 1.

Table 1. Designation and composition of the fabricated samples.

Designation PLA [wt.%] Wood Flour [wt.%]
PLA 100 0
PLA_S150TR_2.5 97.5 2.5
PLA_S150TR_5 95 5
PLA_S150TR_10 90 10
PLA_S150TR_20 80 20

After manual premixing, the components were periodically added into a LabTech
Scientific LTE 20-44 twin-screw extruder (Samutprakarn, Thailand). The temperature of
the extruder barrel, from feeder to die along the separate heating zones, was set as follows:
155-160-160-165-170-170-175-180-185-185-185 °C. The extruded strings were cooled by
air on a conveyor belt using ventilation units. The cooling was followed by grinding the
composites using a Labtech LZ120 pelletizer (Samutprakarn, Thailand).

After extrusion, the obtained granules were dried under the conditions as before.
Subsequently, they were fed into an Arburg Allrounder 420C injection molding machine
(Lossburg, Germany). The parameters of the injection molding procedure are summa-
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rized in Table 2. Al-type multipurpose specimens, according to EN ISO 527-2 [17], were
manufactured this way.

Table 2. Injection molding parameters used for processing PLA, and PLA/WF composite specimens.

Parameter [unit] Value
Screw diameter [mm] 35
Nozzle temperature [°C] 195
Injection rate [em3/s] 40
Holding pressure [bar] 750-650-250
Mold temperature [°C] 30

2.2. Characterization

The composite specimens were characterized one month after production for their
mechanical and physical properties. An Instron 5582 testing machine (Norwood, MA, USA)
was used to measure the tensile strength and Young’s modulus, following the ISO 527
standard [18]. During the tensile tests, the crosshead speed was set to 1 mm/min until 0.3%
elongation was reached, after which it was increased to 5 mm/min. The clamping distance
was set to 100 mm.

Impact strength was measured according to the ISO 179 standard [19]. For this purpose,
unnotched specimens of 80 mm length were cut from the parallel section of the injection-
molded samples. The test was conducted using a Ceast 6545 pendulum-based machine
(Torino, Italy) equipped with a 2 ] hammer.

The water uptake of the samples was also examined. Small specimens measuring
10 x 10 x 4 mm? were submerged in distilled water for 28 days. Prior to this, they were
dried at 40 °C until an equilibrium weight was reached, which took approximately 24 h.
Water uptake was measured until the saturation of all samples was reached, and it was
quantified by calculating the weight gain (1) of the specimens using Equation 1:

mi[%] = "0 . 100, (1)
Mo
where m;, is the weight measured after a specific soaking time, and m is the dry weight of
the specimens before submersion.

3. Results and Discussion
3.1. Tensile Tests

Figure 1 summarizes the results of the tensile tests. As evidenced by Figure 1a,
PLA has a tensile strength of 55.0 MPa and exhibits a Young’s modulus of 2.8 GPa, both
of which are in good accord with the literature [20,21]. With the incorporation of WF
fibers, the tensile strength slightly decreased to 49.4 MPa, while Young’s modulus did not
change substantially (2.8 GPa). At 5 wt.% wood flour content, a further decrease in tensile
strength was observed (48.4 MPa), but there was an increase in modulus (2.9 GPa). With
further WF loading, the tensile strength did not show any noticeable changes (48.9 MPa for
PLA_S150TR_20). At the same time, the modulus values exhibited a gradually increasing
tendency, peaking at 3.6 GPa in the case of sample PLA_S150TR_20. The decreased strength
can be attributed to the improper compatibility between the components. The reason for
the modulus still increasing is that it is determined during the early stage of the test, where
interfacial adhesion does not play a significant role [22].
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Figure 1. Tensile strength (a) and Young’s modulus (b) values of PLA and its composites containing
10 and 20 wt.% wood flour.

3.2. Impact Tests

The impact test results are depicted in Figure 2. Similar to tensile strength, even at the
lowest WF content, PLA exhibited a significant reduction in impact resistance, decreasing
from 14.1 kJ/m? to 11.4 kJ/m? for sample PLA_S150TR_2.5. This drop can be explained
by the limited adhesion between the PLA and WF [23], which facilitates the failure of the
specimens when exposed to impact loads. Further increases in WF content reduced the
impact strength of PLA even further, down to 8.5 k] /m? for sample PLA_S150TR_20.
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Figure 2. Impact strength of PLA and its composites containing 10 and 20 wt.% wood flour.

3.3. Water Absorption Tests

A water absorption test was carried out on samples PLA, PLA_S150TR_10, and
PLA_S150TR_20, and the results are summarized in Figure 3. Due to the hydrophobic
nature of PLA, it only absorbed a relatively low amount of water (0.07%), and its weight
remained constant after reaching saturation at the end of the first week. Meanwhile, the
composites absorbed a higher amount of water, which can be attributed to the hydrophilic-
ity of WE. Their mass continued to increase even after the end of the second week. This
is in good accordance with findings in the literature, which report an increasing water
absorption rate with the growing amount of vegetable fiber-based fillers [24,25]. Specifically,
sample PLA_S150TR_10 reached saturation at 0.20% water content, while PLA_S150TR_20
absorbed 0.32% after 3 weeks of submersion.
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Figure 3. Water absorption of PLA and its composites containing 10 and 20 wt.% wood flour.

4. Conclusions

Investigating the effect of incorporating lignocellulosic fibers such as WF into PLA
is worthwhile in achieving cost-effective manufacturing while retaining the polymer ma-
trix’s most essential properties. In this study, PLA/WF biocomposites were prepared and
characterized. Based on the findings, the following conclusions can be drawn:

e  The incorporation of WF effectively improves the modulus of PLA; however, this
comes at the cost of strength (both tensile and impact), which decreases with growing
WF content.

e  Biocomposites exhibit more hydrophilic behavior than neat PLA, which, along with
the potential gaps and voids on the interphase of the components, result in a higher
water absorption.
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