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Abstract: Maleic anhydride (MAH) was used as the grafting monomer, which was prepared by melt
grafting reaction in the twin screw extruder with dicumyl peroxide (DCP) as the initiator, polylactic
acid grafted with maleic anhydride (MAH-g-PLA) was successfully prepared as the interface
compatibilizer. The PLA /Wood fiber/MAH-g-PLA composites were prepared by melt blending and
injection molding with different proportions of compatibilizer added, within which PLA was for
the matrix phase and wood fiber was for the reinforcing phase. The crystallinity, microstructure,
thermal stability and dynamic thermomechanical property of the composites were studied by X-ray
diffraction (XRD), scanning electron microscope (SEM), thermo gravimetric analyzer (TGA) and
dynamic mechanical thermal analysis (DMA). Furthermore, the mechanical and water absorption
properties of the composites were also characterized. Results showed that the tensile strength and
flexural strength of the composites attained the highest at 30% MAH-g-PLA added, where the
crystallinity of the composites also showed the highest value. DMA results showed that the addition
of MAH-g-PLA interfacial compatibilizer increased the loss modulus of the composites and improved
the toughness. Scanning electron microscopy (SEM) showed that when the MAH-g-PLA was used,
wood fiber is well dispersed in the PLA matrix phase, and that the interfacial compatibility between
the matrix and the enhanced phase was improved. Therefore, the addition of MAH-g-PLA could
improve the interfacial compatibility of PLA/Wood fiber composites and improve the mechanical
properties of the composites.

Keywords: PLA; wood fiber; maleic anhydride (MAH); melt grafting; interfacial compatibilizer

1. Introduction

With the continuous development of an economic society, people's production and life are
increasingly dependent on non-renewable fossil fuels, such as petroleum, and coal, but the
environmental pollution caused by using these products is the main issue for their development and
utilization [1]. Therefore, finding green materials that can replace petroleum-based products to ease
the pressure of resource shortages is in great necessity. In recent years, one strong trend is to explore
and develop bio-based composites in academic and industrial application, aiming at not only reducing
the influence of fossil energy to natural environment, but also achieving multiple functionalities
of green materials. Polylactic acid (PLA) that shows high strength, good processability, excellent
mechanical properties is one kind of thermoplastic resin, produced by the polymerization of lactic acid
monomer [2—4]. Lactic acid can be made from the fermentation of corn, potato, cotton, hemp and other
plants [3,5-8], therefore, the raw materials for PLA are recyclable. Compared to PLA with common
resins in industrial products, such as polyolefin, polyethylene terephthalate and other petroleum-based
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plastic, PLA is biodegradable, belonging to green, non-polluting material [9,10]. However, there are
drawbacks in using PLA as a raw material, such as its brittleness, hydrophobicity, low impact
strength, high price and poor performance at high temperature and humidity, which significantly
limit its wide utilization in industrial applications. Therefore, developing an environmental-friendly
approach to overcoming the shortages of PLA and manufacture high-performance PLA-based materials
is important.

Due to the good specific strength, modulus, low density, short growth cycle and other
characteristics, wood fiber is a good alternative for replacing the current use of glass or aramid
fiber [11-14]. In addition, wood fiber has a wide range of sources, leading to low cost in applications.
Therefore, wood fiber is a promising candidate to reinforce PLA materials, not only because it
can improve mechanical performances and water-resistance of PLA-based material, but it can also
lower manufacturing costs, showing wide application prospects in packaging materials, automotive
decorative parts and many other areas [15-17]. Meanwhile, the wood fiber can also improve the
brittleness of PLA composites, and restrict the corrosion of composites. The preparation process of
PLA-based composites reinforced with wood fiber is more complicated than petroleum-based plastic
such as polyethylene, mainly due to the unstable properties of PLA during preparation. PLA is easy
to break down at high temperature, so preparation temperature needs to be well controlled in the
process of preparing composites [18]. Researchers have found that the composite temperature during
PLA /Wood fiber preparation has a significant effect on the mechanical properties of the composites [19].
As the molecular weight of PLA may be reduced in the extrusion or injection molding process, the
preparation process of composites shows a great impact on the overall performance of the composite
materials [20-23]. The common preparation methods for PLA /Wood fiber composites include melt
extrusion, high-speed mixing, physical mixing, etc. [24]. In melt extrusion method, the composite
material has the best comprehensive performance when the heating time and shear strength of the
production process are moderate [25]. To reinforce PLA with wood fiber, it should be considered that
the poor compatibility of wood fiber and PLA can be the main problem affecting the properties of the
PLA-based composites. The difficulty in the preparation of the composites therefore is how to improve
the interfacial compatibility of the composites and how to achieve better fusion of the molecules at
interface [26]. At present, adding glycerol or silicane coupling agents are the common approaches
for improving interfacial compatibility. In this paper, we offer a novel modification method for PLA
to prepare a new interfacial compatibilizer, which can be added into PLA /Wood fiber composites to
achieve effective coupling between the matrix phase and the filling phase.

In this paper, via melt grafting reaction in the twin screw extruder, maleic anhydride grafted
polylactic acid (MAH-g-PLA) was prepared by using maleic anhydride (MAH) as grafting monomer
and dicumyl peroxide (DCP) as initiator. Different amounts of prepared MAH-g-PLA were
used as an interfacial compatibilizer to increase the interfacial compatibility of PLA/Wood fiber
composite system, leading to the successful preparation of PLA/Wood fiber/MAH-g-PLA composites.
The mechanical properties, thermal stability, crystallinity and interfacial compatibility of the composites
were studied, with the aim of investigating the structure-property relationship between MAH-g-PLA
content and the performance of PLA/Wood fiber/MAH-g-PLA composites.

2. ExperimentalMaterials and Methods

2.1. Materials

PLA 4032D, extrusion grade, was purchased from Nature Works, with a weight average molecular
weight of 1.72 x 10°. The density of PLA is 1.25 g cm 3, and the melt point is 165 °C. PLA was
pre-dried at 50 °C for 12 h to remove water. Wood fiber (the average aspect ratio is about 9.8, and the
length is about 28-30 mm) was obtained from Baiquan wood plastic composite material base (Qiqihar,
China). Maleic anhydride (MAH) was provided by Tianjin Fuchen Chemical Reagent Factory (Tianjin,
China). Dicumyl peroxide (DCP) used as the initiator of grafting reaction was obtained from Shanghai
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Wing King Industrial Co., Ltd. (Shanghai, China). Other reagents, analytical grade, were received from
Tianjin Yongda Chemical Reagent Development Center (Tianjin, China).

2.2. MAH-g-PLA Preparation

PLA particles were placed in a vacuum oven and dried at 50 °C for 12 h. First, the MAH and
DCP were accurately weighed according to a certain ratio, and dissolved in acetone. Then, the acetone
solution was poured into a beaker containing PLA particles and uniformly dispersed by stirring.
The grafting reaction of different raw materials ratios was shown in Table 1. Finally, the obtained
mixture was added to a twin screw extruder (SHJ type, Nanjing Jie End Electrical and Mechanical
Services Limited, Nanjing, China) and subjected to a melt grafting reaction initiated by the DCP.
After grafting, the samples were cooled down and pulverized back. Extruder parameters: temperature
(170 °C), screw speed (100 r/min), feed rate (30 r/min).

Table 1. The ratio of raw materials to the grafting reaction.

MAH(g) DCP(g) PLA(g) Acetone (mL)

0.5 0.5 100 10
1.0 0.5 100 10
1.5 0.5 100 10
2.0 0.5 100 10
25 0.5 100 10

2.3. FT-IR of MAH-g-PLA

The MAH-g-PLA was characterized by a Nicolet 460 Fourier transform infrared spectroscopy
(FTIR) spectrophotometer (Shanghai, China). The dried grafted powder and potassium bromide (KBr)
(2 mg powder/150 mg KBr) were pressed into a tray for FTIR measurement.

2.4. Determination of Grafting Degree

A total of 3 g of the grafted samples prepared above were weighed and placed in a 500 mL
four-necked flask. A total of 40 mL tetrahydrofuran was added to the four-necked flask and heated
at 50 °C until the sample was completely dissolved. The MAH-g-PLA in the solution was then
precipitated with anhydrous ethanol, filtered and washed, and finally placed in a vacuum oven at
50 °C for 12 h. Determination of grafting degree by chemical titration: the purified MAH-g-PLA
was weighed into a 100 mL Erlenmeyer flask with the sample weight of 0.4 g, and then 50 mL
tetrahydrofuran was added. Two drops of thymol blue/DMF indicator were added dropwise, and the
solution was then titrated with 0.05 mol/L potassium hydroxide ethanol solution and with 0.05 mol/L
HCl-isopropanol solution. In this research, when the concentration of maleic anhydride was 1.5 g,
the grafting degree reached the highest. The Scheme 1 was the chemical reaction of maleic anhydride
monomer grafted PLA monomer.
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Scheme 1. The scheme diagram of polylactic acid (PLA) grafted with maleic anhydride (MAH).
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2.5. Preparation of PLA/Wood Fiber/MAH-g-PLA Composites

PLA, wood fiber and MAH-g-PLA were placed in a vacuum oven at 50 °C for 24 h. A certain
ratio of PLA, wood fiber, MAH-g-PLA mixed, mechanical mixing was used to make it evenly mixed.
The additional amounts of MAH-g-PLA were 0, 10, 20, 30, 40, or 50 wt %. The amount of PLA and
MAH-g-PLA were kept constant, and the mass ratio of wood fiber to (PLA and MAH-g-PLA) was 2:8.
The specific amount of different raw materials was shown in Table 2. The obtained mixture was added
to the twin screw extruder, and the raw materials in the machine were evenly cut and blended by the
screw. The temperature of the screw at five zones were 150, 170, 170, 170 and 135 °C respectively, and
the screw speed was 50 rpm. After extruding, the prepared wood-plastic particles were poured into
the experimental micro-injection molding machine (Shanghai Xin Shuo Precision Machinery Co., Ltd,
Shanghai, China), and the injection molding machine parameters were: injection temperature, 180 °C;
injection pressure, 0.6 MPa; heating time, 4 min; packing time, 10 s. The composite material shape of
the final injection molding was the dumbbell-shaped spline (as shown in Figure 1).

Table 2. The content of different raw materials in the composite.

Code  Wood Fiber (g)  PLA (g) MAH-g-PLA (g)

1 60 240 0

2 60 216 24
3 60 192 48
4 60 168 72
5 60 144 96
6 60 120 120

Figure 1. The shape of the composite materials. (a) PLA; (b) PLA/Wood; (c) PLA/Wood fiber/polylactic
acid grafted with maleic anhydride (MAH-g-PLA).

2.6. Characterization of the PLA/Wood Fiber/MAH-g-PLA Composites

2.6.1. X-ray Diffraction and Crystallinity

X-ray diffraction (XRD) data were measured using an X-ray diffraction apparatus (Rigaku D/
max 220, Tokyo, Japan). Using a Cu-K« radiation (A = 0.1542 nm) as an X-ray source, the generator
was set at 32 kV and 30 mA, and the Ni filter was used to extract K« radiation. The data was collected
in the range of a series of scattering angles (20) of 5°~40° and the scanning rate was set to 5° min .
All measurements were made at room temperature under atmospheric pressure. According to the

Segal method, crystallinity was calculated as Equation (1):

CI(100%) = (1 — Imi“) x 100 1)

max
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Imax represents the maximum intensity of the crystalline region of the material, and I i, represents
the strength of the amorphous region of the material.

2.6.2. Mechanical Properties.

The mechanical properties of the composites were tested on the CMT-5504 universal testing
machine (Shenzhen, China SANS testing machine). The tensile strength and elongation at break of the
composite were measured according to the ASTM D638-10 method at a crosshead speed of 20 mm /min.
The bending strength was measured according to ASTM D790-10 at a crosshead speed of 2 mm /min.
The sample geometry is 100 x 10 x 4 mm? (length x width x thickness), each sample was subjected
to at least 5 repetitive tests to obtain an average.

2.6.3. Thermal Gravimetric Analysis

Thermal stability of PLA/Wood fiber/MAH-g-PLA composites was measured by thermos
gravimetric analysis (TGA). The TGA data was obtained from room temperature to 600 °C at a heating
rate of 10 °C/min and an argon flow rate of 50 mL/min on TG 209 F3 (NETZSCH, Shanghai, China).

2.6.4. Dynamic Mechanical Thermal Analysis

Dynamic mechanical thermal analysis (DMA) was performed on TA Instruments (New Castle,
DE, USA) RSA3 with three-point bending fixtures. The temperature was raised from 30 °C to 110 °C at
a heating rate of 1.5 °C/min and a frequency of 1 Hz in the automatic tension mode (0.02% deformation).
The sample size is 50 x 10 x 4 mm? (length x width x thickness), using a span of 40 mm.

2.6.5. Water Absorption

The water absorption of the composite was measured according to ASTM D570-98 (Reapproved
2005). The samples were placed in a vacuum oven at 50 °C for 12 h, weighed with an electronic
balance (W), and were then immersed in deionized water for 12 days until the material reached the
water saturation state. The samples were taken on different days and the water was removed from
the surface of the material with absorbent paper, weighed (W,,), n =1, 2, 3, ... The initial size of the
samples was 30 x 10 x 4 mm? (length x width x thickness), and each sample measured at least
5 averages. The water absorption of the composites was calculated as Equation (2):

Wo

Water Absorption = Wa = Wo
Wo

x 100% )

2.6.6. Scanning Electron Microscopy

The cross-sectional morphology of PLA /Wood fiber/MAH-g-PLA composites was characterized
by scanning electron microscopy (SEM) (QUANTA 200, FEI, Shanghai, China). The SEM was operated
at an accelerating voltage of 10 kV. The sample was cooled in liquid nitrogen to produce brittle failure
and a flat fracture surface was obtained. Before the SEM observation, the fracture surface was coated
with gold sputtering.

3. Result

3.1. FTIR Spectra of MAH-g-PLA

The MAH-g-PLA monomer of the highest grafting degree was characterized by FTIR. Figure 2
showed the FTIR spectrum of pristine PLA, MAH, MAH-g-PLA. From the infrared spectrum of pristine
PLA (shown in Figure 2(a)), it can be seen that the asymmetric stretching vibration peak of C-H was
at 2998 cm~1; a strong characteristic absorption peak of C=0 group was at 1750 cm~!; the stretching
vibration peaks of C-O-C in PLA were at 1190 cm~! and 1130 cm~!. From the infrared absorption
spectrum of MAH (shown in Figure 2(b)), it can be observed that the out-of-plane bending vibration
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peak of alkene of =C-H at 3090 cm~! was found compared with the infrared spectrum of MAH-g-PLA
(Figure 2(c)), and the telescopic vibration peak of -C=C was at 1600 cm~!. As can also be seen from
Figure 2(c), the C-O-C absorption peaks were at 1190 cm~?!, 1130 cm ! and 1093 cm ™!, indicating
that the absorption peaks of MAH-g-PLA showed enhanced carbonyl peak and ether bond compared
with pristine PLA; the absorption peak of the C-H group appeared at 2926 cm ™!, indicating that the
hydrocarbon bond content of the alkane is increased. The above information indicated that MAH
reacted with PLA during radical reaction in the presence of initiator DCP, and was successfully grafted
to the macromolecular chain of PLA.

(a)

(b)

1600

) ~ L
1750 1190

4000 3500 3000 2500 2000 1500 1000 500
Wave number((:m'l )

Figure 2. Fourier transform infrared (FTIR) spectra of grafting reaction. (a) PLA; (b) MAH;
(c) MAH-g-PLA.

3.2. Grafting Degree of MAH-g-PLA

The grafting ratios of MAH-g-PLA are shown in Table 3, when the different addition amounts of
MAH were added. As can be seen in Table 3, with the increase of MAH content, the grafting degree
of MAH-g-PLA increased gradually. When MAH monomer content was 1.5 g, the grafting degree of
MAH-g-PLA was the highest, and the grafting degree was 0.97%. The amount of MAH monomer
was more than 1.5 g, the grafting degree of MAH-g-PLA was slightly reduced, which was because the
MAH of high concentration inhibited the formation of grafting monomer. The MAH-g-PLA monomers
with the highest grafting degree were used to prepare PLA /Wood fiber/MAH-g-PLA composites.

Table 3. Grafting degree of the MAH-g-PLA with the different addition amounts of MAH.

MAH (g) Grafting Degree (%)
0.5 0.45
1.0 0.51
1.5 0.97
2.0 091
2.5 0.86

3.3. Performance of PLA/Wood fiber/MAH-g-PLA

3.3.1. XRD and Crystallinity

Figure 3a,c showed the X-ray diffraction patterns of pristine PLA and PLA/Wood fiber/
MAH-g-PLA composites with 0, 10, 20, 30, 40, or 50 wt % MAH-g-PLA, respectively, and the
crystallinity of pristine PLA and the composites with different amounts of MAH-g-PLA were shown
in Figure 3b,d. As can be seen in Figure 3a, the strength of the diffraction peaks increased with the
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addition of 10 to 30 wt % of MAH-g-PLA compared with no addition of MAH-g-PLA, showing the
highest diffraction intensity at 30 wt% MAH-g-PLA addition, demonstrating that the addition of
grafted PLA could improve the structural regularity of the composites, this was due to the increase in
the content of 3 crystal in the composite [27,28]. Further increasing the content of MAH-g-PLA to 40
and 50 wt %, the intensity of the diffraction peak decreased gradually, which may be attributed
to the extra MAH-g-PLA in the composites being increased in the entanglement density of the
macromolecule chains, and the free movement between fibrous wood fiber molecules and PLA
molecules being hindered. Therefore, increasing the molecular chain from the orderly disorder to
disorder, the crystallinity of the polymer decreased [29,30]. Compared with pristine PLA, wood fiber
can improve the diffraction intensity of composites, which can be seen in Figure 3c. In Figure 3b, when
the amount of MAH-g-PLA was 10-50 wt %, the relative crystallinity of the composites increased
by 10-28% due to the well blending of wood fiber and PLA under the compatibilization effect of
MAH-g-PLA. The nucleation process of the crystallization reaction, the rearrangement of the PLA
molecule, and the molecular crystal of the cellulose were accelerated, so that the fracture layer between
two phases was thinner, the compatibility was better, so that the crystallinity of the composite was
improved. Figure 3d showed the relative crystallinity of PLA was 24.52%, and the addition of wood
fiber can promote the crystallization of polylactic acid. Adding 30 wt % of the MAH-g-PLA, the relative
crystallinity of the composites increased to 34.34%, therefore, the addition of 30 wt % MAH-g-PLA
showed the best reinforcement effect on the PLA/Wood composites.
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Figure 3. X-ray diffraction spectra and relative crystallinity graph of PLA/Wood fiber/MAH-g-PLA
composites composite. (a,c) X-ray Diffraction Spectra; (b,d) Relative Crystallinity Graph.

3.3.2. Mechanical Properties

The tensile strength and elongation at break of the composites are shown in Figure 4a,c, and the
bending strength and modulus are shown in Figure 4b,d. From Figure 4a, it can be seen that the
prepared MAH-g-PLA could improve the tensile strength and elongation at break of the composites.
When adding 30 wt % of MAH-g-PLA, the tensile strength and elongation at break attained the
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highest value, 47.41MPa and 3.95%, respectively. The tensile strength of the composites modified by
30 wt % MAH-g-PLA was increased by 9% and the elongation at break increased by 17% compared
to MAH-g-PLA-free composites, attributing that the MAH-g-PLA molecule displayed a similar
structure to that of the PLA molecular chain and a structure similar to that of the MAH polar
molecule [31]. The addition of the MAH-g-PLA made the PLA-wood fiber interface arrange more
closely when external force was applied, leading to a fact that the stress could be easily transferred
from PLA matrix to wood fiber. The transferring function between interface could, in turn, weaken
the stress concentration in the composites, thereby increasing the tensile strength of the composites.
The appropriate content of MAH-g-PLA compatibilizer can therefore create a better “coupling effect”
in PLA /Wood fiber composites. The elongation at break of MAH-g-PLA modified composites were
higher than those of unmodified composites. When the additional amount of MAH-g-PLA was more
than 30 wt%, the elongation at break of the composites decreased gradually, which could be explained
by the unreacted MAH groups in the system during twin-screw reaction extrusion reacting during
further thermomechanical processing, increasing the crosslinking density between wood fibers and
PLA matrix. From Figure 4c, it can be seen that wood fiber played a role in toughening polylactic
acid. It can also be seen from Figure 4b that when the content of MAH-g-PLA was 30 wt %, the
bending strength and modulus of the composites reached maximum values of 92.03 MPa and 3.51 GPa,
respectively. The bending strength of the 30 wt % MAH-g-PLA modified composites was increased
by 6% and the bending modulus increased by 11% compared to the composites without adding
MAH-g-PLA. It can be discerned that the anhydride groups of MAH could react with the hydroxyl
groups in PLA and wood fibers, which greatly improves the interfacial adhesion. The MAH-g-PLA
therefore significantly improved the interfacial compatibility, resulting in an enhanced interfacial
stability so that the molecular chains did not slide easily with each other. Moreover, the formation of a
crosslinking network during the extrusion process could also lead to increased bending strength and
modulus of the composites. When the amount of MAH-g-PLA was more than 30 wt %, the bending
strength and modulus decreased gradually. This decrease of bending properties can be discerned that
after the MAH-g-PLA reached saturation, the excess MAH-g-PLA stayed in the wood fiber and PLA,
so that the molecular chains were easy to slide, resulting in a decrease in tensile strength and flexural
modulus. As can be seen in Figure 4d, wood fiber can improve the anti-bending ability of PLA.
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Figure 4. Mechanical properties of PLA/Wood fiber/MAH-g-PLA composites. (a,c) Tensile strength
and elongation at break; (b,d) Bending strength and modulus.
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3.3.3. Thermal Stability

The TGA and differential thermal gravity (DTG) curves of PLA, PLA/Wood fiber and PLA /Wood
fiber/MAH-g-PLA are shown in Figure 5. It can be seen from Figure 5 that the thermal decomposition
temperature of PLA /Wood was 276.3 °C and the thermal decomposition temperature of pristine PLA
was 307.5 °C. Compared with pristine PLA, the initial decomposition temperature of composites
decreased by about 30 °C, which was due to that the addition of wood fiber that could reduce
the crystallinity of the PLA, and therefore, this resulted in a decrease in the molecular weight of
the small amount of PLA during the molding process. Figure 5 also shows that the maximum
decomposition rate of pristine PLA was greater than that of PLA /Wood composite, and that meanwhile,
the maximum decomposition rate temperature of PLA /Wood fiber moved to lower temperature, which
proved that the addition of wood fiber accelerated the thermal degradation of PLA. The MAH-g-PLA
grafts were used as an interfacial compatibilizer to improve the compatibility of PLA molecular
chains and wood fiber, when 30 wt % was added, as compared with no addition of MAH-g-PLA,
the initial degradation temperature of the composites decreased slightly, indicating that the addition
of MAH-g-PLA accelerated the initial degradation of the composites. This might be explained by
the introduction of MAH molecules during the decomposition process, which could destroy the
original crystal structure of PLA, promoting thermal decomposition of composites. At the same time,
the maximum decomposition rate of the composites was decreased and the thermal decomposition
residual of the composites increased when 30 wt % of the MAH-g-PLA was added.
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Figure 5. TGA and differential thermal gravity (DTG) curves of PLA, PLA /Wood fiber and PLA /Wood
fiber/MAH-g-PLA composites.

3.3.4. Dynamic Rhelogy

The curves of the storage modulus (G’) and the loss modulus (G') of PLA, PLA/Wood fiber,
and PLA /Wood fiber/MAH-g-PLA in the range of 30 to 110 °C are shown in Figure 6a. Figure 6b
shows the variation of the loss factor tand with temperature for the three composites. It can be seen
from Figure 6a that the storage modulus of PLA/Wood fiber and PLA/Wood fiber/ MAH-g-PLA
composites was significantly larger than that of pristine PLA in the temperature range of 30~110 °C.
When 30 wt % of MAH-g-PLA was added, compared to pristine PLA and other additions content
of MAH-g-PLA (10~20 wt %, 40~50 wt %), the composite material had the highest storage modulus.
The temperature was at 30 °C, the storage modulus of PLA, PLA /Wood fiber, and PLA /Wood fiber/
MAH-g-PLA was 3.26 GPa, 4.06 GPa, and 5.48 GPa, respectively, indicating that the addition of wood
fiber can improve the rigidity of PLA-based composites and improve the thermomechanical properties
of the composites. Meanwhile, the loss modulus of PLA /Wood fiber/MAH-g-PLA composites was
the largest among the all materials, indicating that the 30 wt % addition of MAH-g-PLA could lead to
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a more regular and stronger structure of composites, thereby improving the interfacial integrity of PLA
and wood fiber composite to better transfer the stress under external force. When the temperature
was above 75 °C, the storage modulus of the PLA /Wood fiber and PLA /Wood fiber/MAH-g-PLA
composites showed a rising process, which may be due to the effect of the wood fibers, since there
was a combination process of melting and recrystallization between the temperature and the molten
state [32]. As shown in Figure 6a, it was shown that the addition of MAH-g-PLA can significantly
improve the loss modulus of the composites, the effect of the 30 wt % addition of MAH-g-PLA was the
best, indicating that MAH-g-PLA can improve the toughness of the composites, which can also be
reflected in the increase in bending strength. It can be seen from Figure 6b that the glass transition
temperature of PLA molecules in PLA /Wood fiber and PLA /Wood fiber/MAH-g-PLA composites
was higher than that of pristine PLA, because wood fibers hinder the motion of the PLA molecular
segment, thereby increasing the glass transition temperature of PLA molecules. When MAH-g-PLA
was used as the interface compatibilizer, the glass transition temperature of the fiber molecules in
the composite material moved to low temperature, demonstrating that the compatibility between the
wood fiber and PLA was good.
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Figure 6. Dynamic mechanical thermal analysis (DMA) of PLA/Wood fiber/MAH-g-PLA composites.
(a) Storage and Loss modulus curves; (b) Energy dissipation factor curves.

3.3.5. Water Absorption

The curves of the water absorption of PLA/Wood fiber/MAH-g-PLA composites with different
MAH-g-PLA additions are shown in Figure 7. Since pristine PLA is hydrophobic, it had the lowest
water absorption among these materials. Wood fiber is hydrophilic, the water absorption of PLA /Wood
fiber composites therefore mainly depends on the water content of wood fiber, and the structural
regularity of the composites [33]. It can be seen from Figure 7 that the water absorption of the
composites increased gradually with time and eventually reached a saturation state. When no
MAH-g-PLA was added, the water absorption of the composites was the highest, added with
10~50 wt %, the water absorption of the PLA /Wood fiber composites was significantly lower than
that of the unmodified composites. This can be explained by the internal structure of the unmodified
composites being loose, and that water molecules easily penetrated the composites. After the
cross-linking of macromolecules in the composites by adding MAH-g-PLA, the structure of the
composites turned more regular, so that water molecules did not so easily or deeply penetrate the
composites. When the content of MAH-g-PLA was 30 wt %, the water absorption of the composites
was the lowest, indicating that the interfacial compatibility of the composites was the best, which also
reflected better crystallinity of the composites.
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Figure 7. Water absorption of PLA/Wood fiber/MAH-g-PLA composites with different
MAH-g-PLA additions.

3.3.6. Morphology Characterization

The cross-sectional topography of PLA/Wood fiber/MAH-g-PLA composites with different
contents of MAH-g-PLA are shown in Figure 8. The cross-sectional topography of PLA /Wood fiber
without the interfacial compatibilizer is shown in Figure 8a. It can be observed from Figure 8a that there
was an obvious phase separation between the wood fiber and PLA without adding the MAH-g-PLA,
and the cross section was rough with grooves and holes. In fact, in the tensile test, some wood fibers
could be extracted directly from the PLA matrix, indicating that the poor mechanical properties mainly
resulted from the poor interfacial adhesion. In addition, the presence of gaps between the pores and the
two phases indicated that without adding MAH-g-PLA, the motion of PLA molecules was restricted by
poor interfacial compatibility, which did not completely fill the gap and pores between the wood fibers.
It can be observed from Figure 8b—f that when 10-50 wt % of MAH-g-PLA was added, the voids and
pores on the cross-section of the composites decreased, indicating that the surface became smoother
and thicker in the process of hot pressing, and that the mobility of the PLA molecules was good,
and that they could fill the gaps between wood fibers. At the same time, the uniform distribution
of wood fiber in the PLA matrix retained strong toughness, allowing the material to bear a greater
load in the tensile test. During tensile test, the wood fiber was not directly extracted from the PLA
matrix after adding MAH-g-PLA, and wood fiber residues could be presented on the fractured surface,
which could spread and transfer the stress, improving the mechanical properties. When the content of
MAH-g-PLA was 30 wt %, the cross section of the composites and the compatibility of the wood fiber
and PLA was the best, proving that the prepared MAH-g-PLA has a better compatibilizing effect on
PLA /Wood fiber composites.
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¥
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Figure 8. SEM images of composites with different contents of MAH-g-PLA: (a) 0 wt %; (b) 10 wt %;
(c) 20 wt %; (d) 30 wt %; (e) 40 wt %; (f) 50 wt %.

4. Conclusions

The MAH-g-PLA interfacial compatibilizer was prepared by melt extrusion in a twin-screw
extruder, and the successful preparation was proved by infrared spectroscopy and chemical titration.
The mechanical properties, thermal stability, dynamic thermodynamic properties, water absorption
and interfacial compatibility of composites were studied by adding different amounts of MAH-g-PLA
to PLA/Wood fiber composites. When MAH-g-PLA content was 30 wt %, the crystallinity of the
composites was the highest, increased by 28%, as compared with no addition of MAH-g-PLA.
The MAH-g-PLA acted as the interfacial compatibilizer, which can improve the tensile strength
and flexural strength of the composites, and the addition of 30 wt % MAH-g-PLA shows the best
results. The MAH-g-PLA can reduce the water absorption of the composites and the cross-sectional
structure of the composites showed that the interfacial compatibility between the wood fiber and PLA
phase significantly increased when 30 wt % of MAH-g-PLA was added.

Acknowledgments: The authors are grateful to the Central University for the basic business costs of special
projects funded (2572017EB06; 2572016DB01) and Jilin Province Science and Technology Development Plan Patent
Conversion and Promotion Project (20160312004ZX). Special thanks are also given to the National Natural Science
Foundation of China (31607569).

Author Contributions: Yanhua Zhang and Lei Zhang conceived and designed the experiments; Lei Zhang
performed the experiments; Yanhua Zhang, Lei Zhang and Shanshan Lv analyzed the data; Ce Sun, Lu Wan and
Haiyan Tan contributed reagents/materials/analysis tools; Lei Zhang wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Graupner, N.; Herrmann, A.S.; Miissig, ]. Natural and man-made cellulose fibre-reinforced polylactic acid
(PLA) composites: An overview about mechanical characteristics and application areas. Compos. A Appl.
Sci. Manuf. 2009, 40, 810-821. [CrossRef]

2. Nam, TH.; Ogihara, S.; Kobayashi, S. Interfacial, mechanical and thermal properties of coir fiber-reinforced
polylactic acid biodegradable composites. Adv. Compos. Mater. 2012, 21, 103-122. [CrossRef]

3. Mohanty, A K,; Misra, M.; Hinrichsen, G. Biofibres, biodegradable polymers and biocomposites: An overview.
Macromol. Mater. Eng. 2000, 276, 1-24. [CrossRef]

4. Jandas, PJ.; Mohanty, S.; Nayak, S.K. Mechanical properties of surface-treated banana fiber/polylactic acid
biocomposites: A comparative study of theoretical and experimental values. J. Appl. Polym. Sci. 2013, 127,
37-48. [CrossRef]


http://dx.doi.org/10.1016/j.compositesa.2009.04.003
http://dx.doi.org/10.1080/09243046.2012.723362
http://dx.doi.org/10.1002/(SICI)1439-2054(20000301)276:1&lt;1::AID-MAME1&gt;3.0.CO;2-W
http://dx.doi.org/10.1002/app.37978

Polymers 2017, 9, 591 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Ben, G.; Kihara, Y.; Nakamori, K.; Aoki, Y. Examination of heat resistant tensile properties and molding
conditions of green composites composed of kenaf fibers and PLA resin. Adv. Compos. Mater. 2007, 16,
361-376. [CrossRef]

Bai, L.; Huan, S.; Gu, J.; McClements, D.]. Fabrication of oil-in-water nanoemulsions by dual-channel
microfluidization using natural emulsifiers: Saponins, phospholipids, proteins, and polysaccharides.
Food Hydrocoll. 2016, 61, 703-711. [CrossRef]

Lee S, H.; Ohkita, T. Bamboo fiber (BF)-filled poly (butylenes succinate) bio-composite-effect of BF-e-MA on
the properties and crystallization kinetics. Holzforschung 2004, 58, 537-543. [CrossRef]

Bai, L.; Huan, S; Li, Z; McClements, D.J. Comparison of emulsifying properties of food-grade
polysaccharides in oil-in-water emulsions: Gum arabic, beet pectin, and corn fiber gum. Food Hydrocoll. 2017,
66, 144-153. [CrossRef]

Porras, A.; Maranon, A.; Ashcroft, I.A. Characterization of a novel natural cellulose fabric from Manicaria
saccifera palm as possible reinforcement of composite materials. Compos. B Eng. 2015, 74, 66-73. [CrossRef]
Gupta, A.; Simmons, W.; Schueneman, G.T.; Mintz, E.A. Lignin-coated cellulose nanocrystals as promising
nucleating agent for polylactic acid. J. Therm. Anal. Calorim. 2016, 126, 1243-1251. [CrossRef]

Wang, Y.; Weng, Y.; Wang, L. Characterization of interfacial compatibility of polylactic acid and bamboo
flour (PLA /BF) in biocomposites. Polym. Test. 2014, 36, 119-125. [CrossRef]

Zini, E.; Baiardo, M.; Armelao, L.; Scandola, M. Biodegradable polyesters reinforced with surface-modified
vegetable fibers. Macromol. Biosci. 2004, 4, 286-295. [CrossRef] [PubMed]

Tokoro, R.; Vu, D.M.; Okubo, K.; Tanaka, T.; Fujii, T.; Fujiura, T. How to improve mechanical properties of
polylactic acid with bamboo fibers. J. Mater. Sci. 2007, 43, 775-787. [CrossRef]

Yusoff, R.B.; Takagi, H.; Nakagaito, A.N. Tensile and flexural properties of polylactic acid-based hybrid green
composites reinforced by kenaf, bamboo and coir fibers. Ind. Crop. Prod. 2016, 94, 562-573. [CrossRef]
Mazzanti, V.; Mollica, F.; El Kissi, N. Rheological and mechanical characterization of polypropylene-based
wood plastic composites. Polym. Compos. 2015, 37, 3460-3473. [CrossRef]

Huda, M.S,; Drzal, L.T.; Misra, M.; Mohanty, A.K. Wood-fiber-reinforced polylactic acid composites:
Evaluation of the physicomechanical and morphological properties. |. Appl. Polym. Sci. 2006, 102, 4856—4869.
[CrossRef]

Talib, R.A.; Khalina, A.; Chin, N.L.; Ibrahim, M.N. Optimisation of processing variables of kenaf derived
cellulose reinforced polylactic acid. Asian J. Chem. 2010, 22, 6652—-6662.

Jones, K.C,; Tinker, A. Blends of Natural Rubber: Novel Techniques for Blending with Specialty Polymers; Springer
Science & Business Media: Berlin, Germany, 1997; Volume 49, pp. 472-478.

Geissler, A.; Bonaccurso, E.; Heim, L.O.; Heinze, T.; Zhang, K. Temperature-responsive thin films from
cellulose stearoyl triester. J. Phys. Chem. C 2014, 118, 2408-2417. [CrossRef]

Perego, G.; Cella, G.D.; Bastioli, C. Effect of molecular weight and crystallinity on poly (lactic acid) mechanical
properties. J. Appl. Polym. Sci. 1996, 59, 37-43. [CrossRef]

Hsieh, C.T,; Pan, Y.J.; Lou, CW.; Huang, C.L.; Lin, Z.I; Liao, ].M.; Lin, ].H. Polylactic acid/carbon fiber
composites: Effects of functionalized elastomers on mechanical properties, thermal behavior, surface
compatibility, and electrical characteristics. Fibers Polym. 2016, 17, 615-623. [CrossRef]

Xu, S; Xie, Y.; Meng, L. Application of biomass-based composites in food packaging. For. Eng. 2016, 32,
85-89. (In Chinese) [CrossRef]

Gibeop, N.; Lee, D.W.; Prasad, C.V.; Toru, F,; Kim, B.S.; Song, J.I. Effect of plasma treatment on mechanical
properties of jute fiber/polylactic acid biodegradable composites. Adv. Compos. Mater. 2013, 22, 389-399.
[CrossRef]

Bocz, K; Tabi, T.; Vadas, D.; Sauceau, M.; Fages, ].; Marosi, G. Characterisation of natural fibre reinforced PLA
foams prepared by supercritical CO2 assisted extrusion. Express Polym. Lett. 2016, 10, 771-779. [CrossRef]
Torres, J.; Cotelo, J.; Karl, J.; Gordon, A.P. Mechanical property optimization of FDM PLA in shear with
multiple objectives. JOM 2015, 67, 1183-1193. [CrossRef]

Qin, J.; Jiang, Y.; Fu, J.; Wan, Y,; Yang, R.; Gao, W.; Wang, H. Evaluation of drug release property and blood
compatibility of aspirin-loaded electrospun PLA /RSF composite nanofibers. Iran. Polym. ]. 2013, 22, 729-737.
[CrossRef]


http://dx.doi.org/10.1163/156855107782325203
http://dx.doi.org/10.1016/j.foodhyd.2016.06.035
http://dx.doi.org/10.1515/HF.2004.081
http://dx.doi.org/10.1016/j.foodhyd.2016.12.019
http://dx.doi.org/10.1016/j.compositesb.2014.12.033
http://dx.doi.org/10.1007/s10973-016-5657-6
http://dx.doi.org/10.1016/j.polymertesting.2014.04.001
http://dx.doi.org/10.1002/mabi.200300120
http://www.ncbi.nlm.nih.gov/pubmed/15468219
http://dx.doi.org/10.1007/s10853-007-1994-y
http://dx.doi.org/10.1016/j.indcrop.2016.09.017
http://dx.doi.org/10.1002/pc.23546
http://dx.doi.org/10.1002/app.24829
http://dx.doi.org/10.1021/jp406042c
http://dx.doi.org/10.1002/(SICI)1097-4628(19960103)59:1&lt;37::AID-APP6&gt;3.0.CO;2-N
http://dx.doi.org/10.1007/s12221-016-5922-0
http://dx.doi.org/10.3969/j.issn.1001-005X.2016.03.019
http://dx.doi.org/10.1080/09243046.2013.843814
http://dx.doi.org/10.3144/expresspolymlett.2016.71
http://dx.doi.org/10.1007/s11837-015-1367-y
http://dx.doi.org/10.1007/s13726-013-0171-1

Polymers 2017, 9, 591 14 of 14

27.

28.

29.

30.

31.

32.

33.

Li, Q; Zheng, G.; Dai, K.; Xie, M.; Liu, C.; Liu, B.; Zhang, X.; Wang, B.; Chen, J.; Shen, C.; et al.
B-transcrystallinity developed from the novel ringed nuclei in the glass fiber/isotactic polypropylene
composite. Mater. Lett. 2011, 65, 2274-2277. [CrossRef]

Qin, Y;; Xu, Y;; Zhang, L.; Zheng, G.; Dai, K ; Liu, C.; Yan, X.; Guo, J.; Guo, Z. Shear-induced interfacial sheath
structure in isotactic polypropylene/glass fiber composites. Polymer 2015, 70, 326-335. [CrossRef]
Mofokeng, J.P; Luyt, A.S.; Tabi, T.; Kovdacs, ]. Comparison of injection moulded, natural fibre-reinforced
composites with PP and PLA as matrices. . Thermoplast. Compos. Mater. 2011, 25, 927-948. [CrossRef]

Lv, S;; Gu, J; Tan, H.; Zhang, Y. The morphology, rheological, and mechanical properties of wood
flour/starch/polylactic acid blends. . Appl. Polym. Sci. 2017, 134. [CrossRef]

Way, C.; Wu, D.Y,; Cram, D.; Dean, K.; Palombo, E. Processing stability and biodegradation of polylactic
acid (PLA) composites reinforced with cotton linters or maple hardwood fibres. J. Polym. Environ. 2012, 21,
5470-5479. [CrossRef]

Yasuniwa, M.; Tsubakihara, S.; Sugimoto, Y.; Nakafuku, C. Thermal analysis of the double-melting behavior
of poly (lactic acid). J. Polym. Sci. B Polym. Phys. 2004, 42, 25-32. [CrossRef]

Lv, S.; Gu, J.; Tan, H.; Zhang, Y. Modification of wood flour/PLA composites by reactive extrusion with
maleic anhydride. J. Appl. Polym. Sci. 2016, 133, 101-109. [CrossRef]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.matlet.2011.04.035
http://dx.doi.org/10.1016/j.polymer.2015.06.030
http://dx.doi.org/10.1177/0892705711423291
http://dx.doi.org/10.1002/app.44743
http://dx.doi.org/10.1007/s10924-012-0462-1
http://dx.doi.org/10.1002/polb.10674
http://dx.doi.org/10.1002/app.43295
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	ExperimentalMaterials and Methods 
	Materials 
	MAH-g-PLA Preparation 
	FT-IR of MAH-g-PLA 
	Determination of Grafting Degree 
	Preparation of PLA/Wood Fiber/MAH-g-PLA Composites 
	Characterization of the PLA/Wood Fiber/MAH-g-PLA Composites 
	X-ray Diffraction and Crystallinity 
	Mechanical Properties. 
	Thermal Gravimetric Analysis 
	Dynamic Mechanical Thermal Analysis 
	Water Absorption 
	Scanning Electron Microscopy 


	Result 
	FTIR Spectra of MAH-g-PLA 
	Grafting Degree of MAH-g-PLA 
	Performance of PLA/Wood fiber/MAH-g-PLA 
	XRD and Crystallinity 
	Mechanical Properties 
	Thermal Stability 
	Dynamic Rhelogy 
	Water Absorption 
	Morphology Characterization 


	Conclusions 

