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ABSTRACT

PLA composites containing biomass fillers from the three herbaceous plants such as reed, wheat stalk, and coco-
nut fiber with length and diameter at the scale of several millimeters were prepared without using additives. The
reinforcement effect on the properties of PLA/biomass filler composites is investigated. The research results show
that the PLA/biomass filler composites exhibit good stiffness, flexural strength, and impact toughness. Among the
three kinds of biomass fillers, reed reinforced PLA composites show optimal mechanical properties. When filled
with 40%-50% reed, the flexural moduli of the composites are over 7000 MPa. Flexural strength retains at the
same level of pure PLA. The notch impact strength reaches to 4.50 + 0.73 kJ/m?, which is 2.06 times higher than
that of pure PLA. Furthermore, the introduction of biomass fillers increases the crystallization ability of PLA and
does not increase the water absorption of the composites. This research demonstrated that PLA composites pre-
pared with biomass fillers from the herbaceous plants (namely herb plastic composites, HPCs) is a material with
good comprehensive mechanical properties while retaining the intrinsic particularity of biological sources.
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1 Introduction

In recent years, carbon neutrality and environmental sustainability has become an important driver of
development in all sectors. As an important renewable organic carbon resource with tremendous reserves
in nature [1,2], the conversion and utilization of biomass has attracted extensive attention to replace fossil
resources. Since biomass is produced by the absorption of carbon dioxide through the photosynthesis of
plants, the conversion of biomass into bio-based materials is undoubtedly a necessary step to realize
carbon sequestration and carbon reduction. It plays an important role in promoting carbon neutral cycle
on the ground to support sustainable development [3—6].

Biomass is widely used as a filler in the design and manufacture of polymer composites [7]. A good
example is wood plastic composites (WPCs). They are composite materials mainly constructed from
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plastic, wood flour and some additives (including compatibilizer, toughening agent and inorganic fillers).
Wood flour is mainly generated from the wood waste of manmade board in the industrial field [8]. The
types of wood generally mention poplar, masson pine and so on. The size of wood flour for WPCs is
usually controlled at 40-200 mesh. Besides improving the utilization rate and processability of wood
waste, WPC could show the appearance and the good characteristics to mimic wood materials, including
the strength and toughness. WPC has achieved great success in the wood-like materials and synthetic
board industry [8—10]. With current technology, WPCs are increasingly produced from waste materials
and residual products from the wood and agricultural industry rather than raw wood flour, such as
sawdust, rice straw flour, and pulping sludge (namely lignified powders and fibers) [7]. WPCs have been
widely applied in decking, railing, siding, fences, windows, door frames, and playground equipment [11,12].

In order to create polymer composites with better environmental sustainability, biodegradable polymers
are gradually gaining popularity for application in WPCs, due to their sustainability both in sourcing raw
material and biodegradation [13]. Among the natural and synthetic biodegradable polymers, poly (lactic
acid) (PLA) has the greatest commercial application [14,15]. On a similar basis to WPC, many powdered
biomass fillers (including wood flour, cellulose, lignin flour, starch, and etc.) [16] are used to blend into
PLA with the aim of overcoming one of the primary drawbacks of PLA [17,18], the price to performance
ratio, in order to optimize its use in specific commercial applications. The processing of PLA with
powdered biomass fillers can be easily achieved by traditional extrusion. Although the stiffness, hardness
and flexural modulus of the PLA composites with the introduction of powdered biomass fillers can be
improved, it inevitably leads to the decrease of tensile strength, bending strength and toughness. As a
result, the comprehensive mechanical properties of the PLA/biomass filler composites are significant
decrease. In practical applications, a large number of additives and inorganic powders (for example,
calcium carbonate, talc, mica, and etc.) usually have to be used to adjust the properties of the composites
[12]. However, the use of inorganic powders in PLA not only reduces the intrinsic particularity of
biological sources of the PLA/biomass filler composites to some extent, but also induces the unexpected
decrease in comprehensive properties of the obtained PLA based composites to use as biodegradable
polymer products.

In fact, the natural biomass, no matter comes from woody or herbaceous plants, due to the growth mode
of plants, is essentially rich with plant fibers. Generally, polymer composites prepared with fibrous fillers
exhibit excellent comprehensive mechanical properties [19]. Therefore, if the biomass filler can remain at
a larger size in the PLA/biomass filler composites, it will better maintain the structure of inherent plant
fibers in biomass filler. The performances of the PLA composites are expected to improve. In our
previous work [20], large sized jute fiber (at the scale of several millimeters to one centimeter) was
blended into PLA for the preparation of biodegradable polymer composites with high performances. In
addition, Fujiura et al. [21] and Liu et al. [22] respectively have used particular extrusion and injection
molding to prepare PLA based composites with large sized jute yarn. An improvement in the
comprehensive properties of PLA based composites by jute fiber was noted [21,22].

In this study, biomass fillers at the scale of several millimeters derived mainly from three types of
herbaceous plants including reed, stalk, and coconut fiber are used to prepare particular PLA/biomass filler
composites. Because the biomass filler is mainly from herbaceous plant, the composites should be known as
herb polymer composites (HPCs). During our research, PLA is used to prepare HPCs without other
additives as a model. The effect of the biomass fillers on the properties of the PLA/biomass filler
composites was investigated. Furthermore, microstructure, morphology, mechanical and thermal properties,
and water resistance of PLA/biomass filler composites with different amount of biomass filler is explored.
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2 Experimental Sections

2.1 Materials

PLA (REVODE 190) was bought from Zhejiang Hisun Biomaterials Co., Ltd. (China). Reed (Rd) and
wheat stalk (WS) were collected from Dongying and Gaomi (Shandong, China) by Weifang Yunding New
Material Technology Co., Ltd. (China), respectively. Coconut fiber (CF, from Vietnam) was purchased from
Hainan Yeyi Trading Co., Ltd. (China). All the biomass fillers were dried until the moisture content was less
than 3%. After that, the biomass fillers were shortly-chopped and then directly used to prepare PLA/biomass
filler composites without further purification. After shortly-chopped, the length of reed, wheat stalk and
coconut fiber are all around 1-2 cm. And the diameters of reed, wheat stalk and coconut fiber are 0.134,
0.129 and 0.438 mm in average, respectively.

2.2 Preparation of PLA/Biomass Filler Composites

Before processing, PLA was dried in a drying oven for 4 h at 100°C. After that, PLA and biomass fillers
were processed with a high-speed blending machine (YK-10L, produced by Weifang Yunding New Material
Tech. Co., Ltd. in China) with the mass ratio at 70/30, 60/40, 50/50, and 40/60. Mixing speed and initial
working current were respectively set at 2800 rpm and 100 A, respectively. During blending, until the
working current reaches 125 A, the blending of PLA and biomass fillers automatically stopped and then
unloaded. The process of processing lasted ~45 s.

An extruder (SJ100-13-1, from Nanjing Jieya Extrusion Equipment Co., Ltd., China) was used to further
treat the obtained PLA/biomass filler mixtures at 180°C. PLA/biomiss filler composites were formed and
then cut into pellets (with the length at ~0.8 mm and the thickness at ~0.5 mm). An injection molding
machine (DYW800, from Ningbo Deya Plastic Machinery Co., Ltd., China) was used to mold pure PLA
and the PLA/biomass filler composites into standard samples for further test (following the national
standard, Plastics-Determination of flexural properties (GB/T 9341-2008) and the international standard,
Plastics-Determination of charpy, Impact strength, [1SO179-1.98)). During injection molding, the
temperature was set at 170°C-190°C.

2.3 Characterizations

A testing machine (CMT 4304, from Sansi Taijie, Zhuhai, China) was used to test the flexural properties
of the obtained the samples of PLA/biomass filler composites (length ~80 mm, width 10 mm and thickness
~4 mm). According to Chinese standard (GB/T 9341-2008), the span was set at 64 mm, and the crosshead
speed was 10 mm/min constantly. Impact tester with 22 J pendulum (KBC-750-8, from Sansi Taijie, Zhuhai,
China) was utilized to measure the notched impact (length ~80 mm, width 10 mm, thickness ~4 mm and
Type C notch) of the samples of PLA/biomass filler composites according to the international standard
(ISO179-1.98). Average results of all the mechanical properties were calculated from three repeated tests.
A hardness tester (LX-D, from Handpi, Germany) was used to examine the Shore hardness of the
samples (thickness ~4 mm) of PLA/biomass filler composites.

5~10 mg sample of each PLA/biomass filler sample was used for the differential scanning calorimetry
(DSC) analysis. The DSC test was run on a Mettler-Toledo TGA/DSCI tester under a high-purity nitrogen
atmosphere. The temperature was controlled from 25°C to 200°C with the heating rate of 10 °C/min. Melting
enthalpy and crystallinity (Cr) of pure PLA and PLA/biomass filler composites was calculated from the DSC
curves. Thermogravimetric analysis (TGA) was carried out on the same TGA/DSCI tester. Each sample with
the mass at 5-10 mg was used to record the TGA curve under dry nitrogen atmosphere. The temperature
range was set from 50°C to 800°C with the heating rate at 20 °C/min. Thermal properties of the
PLA/biomass filler composites such as the temperature at 5% weight loss (7’so;), residual mass at 800°C
(Mggp), crystallization temperature and melting temperature were respectively recorded in Table 1,
respectively. Fourier transform infrared (FT-IR) spectra of the PLA/biomass filler composites were
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characterized by a spectrophotometer (Cary660+620, from Agilent, USA) with the wave number range of
4000-400 cm ', and the scanning frequency was set at 32 times. The selected area rich with biomass
fillers in composites was examined by FT-IR test.

Table 1: Thermal properties of PLA/biomass filler composites with reed, wheat stalk, and coconut fiber

Samples T5% Mg()() ch T, AHCC AHL Cr#

WY %) WY WY (/g J/g) (%0)
Pure PLA 342.0 0 96.1 174.7 22.73 51.6 31.0
Rd 30 289.4 5.5 91.0 174.6 16.60 36.73 30.9
Rd 60 274.5 13.2 89.7 173.7 7.02 23.78 45.1
WS 30 273.7 8.0 85.9 171.0 1753 13.89 34.05 31.0
WS 60 263.6 17.4 85.8 167.9 173.7 6.16 2433 48.8
CF 30 267.7 6.9 94.5 176.5 11.43 32.28 32.0
CF 60 229.9 15.3 86.9 172.8 6.71 23.31 44.6

Note: *Cr is calculated with respect to the melt enthalpy of 100% crystalline PLA 4H.?, 93 J/g). Cr=(4H.— AH_.)/( f-AHCo). AH,, AH,. and f denote
enthalpies of crystallization, enthalpies of cold crystallization and practical amount of PLA in composites, respectively.

The structure and morphology of biomass fillers (Rd, WS, and CF) in the PLA/biomass filler composites
were observed by a scanning electron microscope (SEM, EVO018, Zeiss, Germany). The test samples were
prepared by cryogenic fracture under liquid nitrogen and then observed by SEM after sputter coated with
platinum. The biomass fillers in the PLA/biomass filler composites were also taken out by dissolving
PLA with chloroform. After drying, the biomass fillers were observed by optical microscope (BX51,
Olympus, Japan). Distributions of length and diameter of the biomass fillers were also calculated to show
the structure and morphology.

Bruker D8 Advance X-ray Diffractometer (made in Germany) was used for the X-ray diffraction (XRD)
analysis of the PLA/biomass filler composites. The intensity of XRD diffraction was measured with Cu K,
radiation. The 20 range was controlled between 5° and 65°.

Test of water absorption was carried out by soaking the sample of PLA/biomass filler composites in
water for 48 h at room temperature. The change of mass and size of the samples of PLA/biomass filler
composites are tested.

3 Results and Discussion

3.1 Mechanical Properties

Fig. 1 illustrates the flexural moduli and strengths of the PLA/biomass filler composites with Rd, WS,
and CF. By adding biomass fillers from herbaceous plant, the flexural moduli of the PLA/biomass filler
composites sharply increased over 5000 MPa. The more content of the biomass filler was included, the
higher the flexural modulus would be. With the addition of 50%—60% Rd, the flexural moduli of the
composites reached to the highest value at ~7000 MPa (Fig. 1a), which was higher than the composites
with WS and CF. As for flexural strengths, the situation was different. From Fig. 1b, at 30%—50% Rd,
the flexural strengths of the PLA/biomass filler composites basically remained at the level of pure PLA.
However, when using WS and CF in the PLA/biomass filler composites, the flexural strengths decreased
by 20%—40%. It indicated the addition of biomass fillers in PLA caused a certain degree of decline in
flexural strengths.
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Figure 1: Flexural modulus (a) and flexural strength (b) of PLA/biomass filler composites with reed, wheat
stalk and coconut fiber at different filling amount

Fig. 2a shows the impact strengths of pure PLA and the PLA/biomass filler composites. Pure PLA only
showed the impact strength at 2.18 + 0.08 kJ/m”. By using biomass filler, the notch impact strengths of the
PLA/biomass filler composites were obviously improved. With 30%—-60% WS, the notch impact strengths
were increased to 2.68-3.73 kJ/m?, which were higher than that of pure PLA. With 40% WS, the value
of notch impact strength reached the highest value. By using Rd and CF, the change of notch impact
strengths of the PLA/biomass filler composites showed a similar trend with the use of WS. With the
introduction of 40% Rd and CF, the notch impact strengths of the PLA/biomass filler composites were
4.50 + 0.73 and 5.36 + 0.20 kJ/m?, respectively, which were 2.06-2.46 times higher than that of pure
PLA. Shore hardness of pure PLA and the PLA/biomass filler composites was also shown in Fig. 2b. The
hardness (Shore D) of pure PLA was only 86. With the addition of biomass fillers (Rd, WS, and CF) at
40%—60%, the Shore hardness of the composites was improved to ~90 after processing.
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Figure 2: Notch impact strength (a) and hardness (Shore D) (b) of PLA/biomass filler composites with reed,
wheat stalk, and coconut fiber

From the data of mechanical properties shown in Figs. 1 and 2, it was understood that the introduction of
the biomass fillers (particular Rd) to PLA can contribute good comprehensive performances containing
stiffness, flexural strength, and impact toughness to the PLA/biomass filler composites. In comparison
with the PLA based composites prepared with other commonly used powdery biomass fillers (for
example, starch [23], bamboo powder [20], and microcrystalline cellulose [24]), without additional
compatibilizer and reactive toughening agent in the composites, it was rather good that the flexural
strength of the obtained PLA/biomass filler composites did not decrease significantly and the impact
strength increases a lot under the condition of the amount of biomass filler at 40%-50%. That was
because the structure and morphology of biomass filler produce an important impact to the mechanical
properties of the composites.

3.2 Structure and Morphology of Biomass Filler in Composite

Fig. 3 shows the FT-IR spectra of the raw materials (including PLA and biomass fillers) and
PLA/biomass filler composites with reed, wheat stalk and coconut fiber at 30% and 60%. FT-IR tests of
the raw materials (including PLA and biomass fillers) and PLA/biomass filler composites with reed,
wheat stalk and coconut fiber were shown in Fig. 3a. No adsorption appeared in 3700-3100 cm™ ' of pure
PLA due to the rareness of terminal O-H groups. Two absorption bands at around 2995 and 2945 cm ™'
were shown on the FT-IR curve of PLA. It was attributed to —CH- stretching vibration of PLA. A very
strong absorption peak concerning the stretching vibration of -C=0 appeared at ~1751 cm™'. These were
the two most important characteristic peaks of PLA in the composites [25]. Besides, there also showed
some other absorption bands at 1182, 1127, 1082 and 1044 cm ' on the FT-IR curve of the pure PLA.
They were known as the vibration of —C—O— groups. As to the biomass fillers of CF, SW and Rd, all of
them were mainly composed by cellulose, lignin and hemicellulose. They showed similar adsorption band
at ~3300, ~2925, ~2860 and ~2350 cm ', which were related to the groups of O-H and —CH- on the
biomass fillers [26], respectively (see Fig. 3a). After blended PLA with the biomass fillers at 30% and
60%, it exhibited the similar FT-IR curves in Fig. 3b. The absorption bands at 2995 and 1751 cm™
reflected the component of PLA. The absorption bands at ~2925, ~2860 and ~2350 cm ' belong to the
component of the biomass fillers. Therefore, the difference between mechanical properties of the various
PLA/biomass filler composites should be mainly subject to by the physical structure and morphology of
the biomass fillers.
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Figure 3: FT-IR spectra of raw materials (a) and PLA/biomass filler composites (b) with reed, wheat stalk
and coconut fiber

Observation of the section of PLA/biomass filler composites can clearly show the morphology of
biomass fillers. From Fig. 4, Rd, WS, and CF showed the size at the scale of several millimeters. The
inner part of these biomass filler had the micro-fibrous structure originated from natural plant fiber.
Particularly, in the composites with 60% biomass filler, these biomass fillers presented a crisscross
arrangement (Figs. 4d—4f). Around the biomass filler, no obvious cavity or hole existed. That was to say,
even if the composite was filled with high content of biomass filler, there still had good compatibility
between PLA and biomass filler. Before processing, the size of Rd, WS, and CF was up to 1-2 cm (see
Figs. 5a—5c). After blending with PLA, Rd and WS still showed relatively thick morphology (Figs. 5a
and 5b). The length of Rd was around 0-3.6 mm with the major distribution at ~1.3 mm (Fig. 5d) and
the diameter was mainly around 0.6 mm (Fig. 5g). As to WS, the length was distributed at ~1.3 mm
(Fig. 5e), which was similar with the situation of Rd. But, the diameter of WS was at 0.8 mm (Fig. 5h),
which was a little larger than the diameter of Rd. However, CF exhibited a relatively larger length at the
distribution of ~1.8 mm (Fig. 5f). Its diameter was rather low at 0.2—0.3 mm (Fig. 51).

Along with the understanding of the flexural properties of the PLA/biomass filler composites as shown
in Fig. 1, it can be deduced that Rd induced the optimal comprehensive performance. The flexural moduli and
flexural strengths of the PLA/biomass filler composites with WS were lower than those of the composites
with Rd. As to CF, it produced the highest flexural strength and the lowest flexural modulus of the
PLA/biomass filler composites. As to the impact toughness shown in Fig. 2, the PLA/biomass filler
composite with WS had the highest impact strength. And the impact strengths of the PLA/biomass filler
composites with Rd and CF decreased in turn.
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Figure 4: SEM micrographs of PLA/biomass filler composites with reed (a, d), wheat stalk (b, e) and
coconut fiber (c, f) at 30% (a, b, ¢) and 60% (d, e, f)

3.3 Thermal Properties and Water Absorption

TGA analysis of PLA/biomass filler composites is shown in Fig. 6 and Table 1. Among these
composites, the PLA/biomass filler composites with Rd exhibited the highest initial decomposition
temperature (7’so;) at 289.4°C (30%) and 274.5°C (60%). The residual mass of the PLA/biomass filler
composites with 30% and 60% Rd at 800°C (M) was 5.5% and 13.2%, respectively. After blending
WS and CF in PLA, the initial decomposition temperature of the PLA/biomass filler composites
decreased to 229.9°C-273.7°C. As far as we know, Rd, WF and CF are mainly composed by cellulose,
lignin and hemicellulose. Cellulose has the highest thermal decomposition temperature (over 300°C).
However, the initial thermal decomposition temperature of lignin is the lowest at 150°C—160°C.
Hemicellulose starts to decompose by heat at about 170°C—180°C. And the heating rate reaches the
highest at 190°C-210°C. Among the PLA composites with the three biomass fillers, CF had the highest
content of lignin (at ~35.9%). It induced the lowest T’so, of the composites (see Table 1). As to PLA/WF
composites, although the amount of lignin was lower than PLA/Rd composites, the content of
hemicellulose in the composites was much higher. The Ts., of PLA/WF composites was lower than that
of PLA/Rd composites. In addition, the amount of residual mass at 800°C of the composites with WS
and CF was very similar to the PLA/biomass filler composites with Rd. The introduction of biomass filler
in PLA composites produced some solid residue in TGA test. From Table 1, there was no residual mass
of pure PLA. With 60% biomass fillers (including Rd, WF and CF), Mg, was 13%—17%.

DSC analysis of the PLA/biomass filler composites was also carried out. As shown in Fig. 7a, pure PLA
had a cold crystallization peak at 96.1°C. After adding biomass fillers, the cold crystallization temperature of
the PLA/biomass filler composites (with Rd, WS, and CF) slightly decreased. That was because the addition
of biomass filler in PLA composites introduces the crystallization nucleation center of PLA. It improves the
crystallization rate of PLA. As a result, the temperature of cold crystallization of PLA decreases.
Furthermore, the high amount of biomass filler in composites could induce high crystallization rate of
PLA. By increasing the content of biomass filler to 60%, the area of cold crystallization peak obviously
decreased. It show the low temperature of cold crystallization of PLA in comparison with that of the
PLA/biomass filler composites with the amount of filler at 30%. To some extent, this phenomenon will
cause an increase in the hardness of the composites, as exhibited in Fig. 2b. After adding biomass fillers
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(Rd, WS, and CF) in PLA, the PLA/biomass filler composites showed the melting temperature (7,,) at
around 168°C—176°C (see Table 1). There was no large difference in the melting temperature of pure
PLA (174.7°C). Among the three biomass fillers, WS enhanced PLA composites showed the two different
melting temperatures. It should be formed by the unstable thermal decomposition of hemicellulose in WS.
The pure PLA produced 31.0% crystallinity during processing. After being filled with 30% biomass fillers,
the crystallinity of PLA in the composites did not change a lot (Table 1). By the introduction of the amount
of biomass fillers to 60%, the crystallinity of the PLA in composites increases to 44.6%—48.8%.
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Figure 5: Appearance (original and extracted from PLA/biomass filler composites) and size distribution
(extraction from PLA/biomass filler composites) of reed (a, d, g), wheat stalk (b, e, h) and coconut fiber (c, f, i)
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Figure 6: TGA analysis of PLA/biomass filler composites with reed (a), wheat stalk (b) and coconut fiber (c)
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Figure 7: DSC thermograms (a) and XRD patterns (b) of PLA/biomass filler composites with reed, wheat
stalk and coconut fiber

Fig. 7b gives the XRD patterns of the PLA/biomass filler composites. From the Figure, only a dispersed
diffraction peak at 16.5° can be found in the XRD curve of PLA. After adding biomass fillers (including Rd,
WS, and CF), it mainly showed a dual peak on the XRD curves. In the experiment, the filled biomass fillers
can be used as the nucleation center of PLA. Due to the size of the biomass fillers at the scale of several
millimeters, the crystallization of PLA must be along with the surface of biomass fillers. It could produce
a certain degree of stretching effect to form the multiple crystal structures of PLA [27], which induced
the appearance of dual peaks on the XRD curves.

Table 2 gives the change of mass and size of various PLA/biomass filler composites after soaking in
water. After soaking in water with 24 and 48 h, the mass and size of the PLA/biomass filler composites
didn’t change a lot. It showed rather low water absorption. That was because PLA forms the coating on
the surface of biomass fillers during processing. And PLA was a hydrophobic polymer. It will not
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produce majority water absorption in a certain period of time. This result is consistent with the current
research on polylactic acid and its composites [28].

Table 2: The change of mass and size of PLA/biomass filler composites with reed, wheat stalk, and coconut
fiber after soaking in water

Samples Mass (g) Size (width x thickness) (mm?)
Original  After 24 h  After48 h  Original After 24 h After 48 h

Pure PLA  3.99 4.00 4.00 10.04 x 4.00 10.03 x 4.00 10.40 x 4.00
Rd 30 4.66 4.70 4.71 10.34 x 4.30 10.35 x 4.35 10.39 x 4.36
Rd 60 4.47 4.61 4.65 10.17 x 4.11 10.32 x 4.13 10.29 x 4.14
WS 30 4.89 4.96 4.97 10.21 x 4.54 10.23 x 4.60 10.28 x 4.62
WS 60 5.11 5.34 5.39 10.21 x 4.46 10.35 x 4.70 10.42 x 4.72
CF 30 4.72 4.78 4.79 10.37 x 4.60 10.40 x 4.66 10.38 x 4.68
CF 60 4.92 5.05 5.09 10.32 x 4.55 10.46 x 4.57 10.42 x 4.60

4 Conclusions

PLA/biomass filler composites containing biomass fillers such as Rd, WS, and CF (namely HPCs) with
the length and diameter at the scale of several millimeters were prepared. Without using additional
compatibilizer and toughening agent, the PLA/biomass filler composites still exhibited fairly good
stiffness, flexural strength, and impact toughness. Results showed the biomass fillers mainly affected the
mechanical properties of the PLA/biomass filler composites. Among the three kinds of biomass fillers,
reed reinforced PLA composites show optimal mechanical properties. With 40%-50% Rd, the
PLA/biomass filler composites showed flexural modulus over 7000 MPa. Flexural strength basically
remained at the same level of pure PLA. And the notch impact strength reached 4.50 + 0.73 kJ/m?, which
was 2.06 times higher than that of pure PLA. In addition, the introduction of biomass fillers increased the
crystallization ability of PLA and did not increase the water absorption of the composites.
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