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ABSTRACT

  This study investigates the tensile and morphological properties of nanocomposites prepared from 

poly(lactic acid) (PLA), wood flour (WF) and montmorillonite (MMT) by melt compounding with a twin 

screw extruder. In order to enhance the mechanical properties of PLA/WF composites, maleic anhydride 

grafted PLA (MAPLA) is synthesized as a compatibilizer. MAPLA prepared in the laboratory is charac-

terized using FT-IR (Fourier transformed infrared spectroscopy). From the results of X-ray diffraction 

(XRD) and transmission electron microscopy (TEM) analysis for nanocomposites, we confirmed that sili-

cate layers of MMT are intercalated and partially exfoliated. When 2 wt% MAPLA is added, the tensile 

strength and modulus of PLA/WF/MAPLA composites were higher than those of the PLA/WF composite. 

The addition of MMT increases the tensile modulus of PLA/WF/MAPLA composites but decreases the 

tensile strength. 
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1. INTRODUCTION

Biocomposites reinforced with wood flours 
(WF) are a group of new materials made from 
a combination of WF and biodegradable resins. 
One of the most promising biodegradable poly-
mers is poly(lactic acid) (PLA), which can be 
derived from renewable resources[1]. Compos-
ites containing biodegradable polymers such as 

PLA and WF offer an interesting combination 
of properties as well as lower cost than com-
petitive materials[2]. WF reinforced composites 
are becoming increasingly popular in the furni-
ture, automotive, and building industries[3]. 
However, thermoplastic users are still seeking 
new ways to improve product performance. 
Moreover, the recent expansion in applications 
of WF reinforced plastic composites brings re-
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quirements for a more uniform and accurate 
evaluation of product properties across the in-
dustry.

When combined with thermoplastic polymers, 
WF can be used for composite materials that 
are light-weight, reusable and often possess 
high strength-to-weight ratios. The combination 
of WF and thermoplastic polymers presents a 
number of problems[4]. However, incompati-
bility between the fiber and matrix causes a 
poor interfacial adhesion between hydrophilic 
wood and the hydrophobic plastic matrix, there-
fore resulting in poor ability to transfer stress 
from the matrix to the fiber reducing mechan-
ical strengths and ductility. Many researches 
have focused on this problem by using such 
chemicals as coupling agents to improve the 
properties of composites. Coupling agents in-
clude copper amine, silanes, maleic anhydride, 
and their grafting polymers[5-8]. Interactions 
between the hydroxyl groups of WF and the an-
hydride groups of maleated coupling agents can 
overcome the incompatibility problem to in-
crease the mechanical properties of WF-rein-
forced thermoplastic composites[9]. Carlson et 

al.[9] investigated the production of maleated 
polylactide by reactive extrusion. These authors 
demonstrated that improved interfacial adhesion 
could be obtained in PLA/starch blends through 
the modification of PLA with low levels of 
maleic anhydride (MAH).

Layered silicate-polymer nanocomposites have 
been proposed as a totally new and promising 
approach for the thermal stability and smoke 
suppression of polymers besides remarkable im-
provements in some material properties such as 
mechanical strength, optical properties, electric 
properties and fire retardancy with the addition 
of the 5∼10 wt% montmorillonite[10-14]. Mon-
tmorillonite (MMT) is one of the most commonly 
used clays for polymer nanocomposite pre-
paration. Depending on how these nano-par-

ticles are dispersed in a polymer, there are two 
different types of nanocomposites, namely inter-
calated nanocomposites and exfoliated nano-
composites. The better performances are com-
monly observed for the exfoliated nanocomposites. 

In this study the physical and morphological 
properties of the PLA/WF/MAPLA composites 
filled with organically modified MMT was 
investigated. In order to enhance the mechanical 
properties of PLA/WF composites, MAPLA was 
synthesized as a compatibilizer. The d-spacing, 
the dispersion of layered silicate and the inter-
faces between wood flour and PLA are ob-
served by XRD and TEM, respectively. Also, 
the mechanical properties of the composites 
were measured by universal testing machine (UTM).

                

2. EXPERIMENTAL

2.1. Materials 

Polylactic acid (PLA) was supplied by Nature-
Works of USA. Its molecular weight (Mw) is 
159,000 g/mol and melt flow index is 10∼30 g 
/10 min. Maleic anhydride was purchased from 
Sigma-Aldrich (USA). 2,5-Dimethyl-2,5-di-(tert- 
butylperoxy) hexane organic peroxide (Luperox 
101) was provided by SEKI ARKEMA Co., 
LTD. Organically modified montmorillonite (Cloi-
site 30B) was obtained from Southern Clay 
Products Co. and used as received without fur-
ther purification. The organic modifier for clay 
30B is methyl tallow bis-2-hydroxyethyl quater-
nary ammonium ion (65% C18, 30% C16, 5% 
C14). The wood flour used in this study was 
obtained from J.Retenmaier & Sohn Co., 
Germany and Its particle size is 80∼100 mesh 
(70∼150 µm). 

2.2. MAPLA Preparation

The MAPLA was prepared by using a twin- 
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screw extruder (19 mm diameter screw and L/D 
= 40, Bautek Co, Korea). The PLA, 10 phr 
MAH and 4 phr peroxide were premixed in a 
rotating mixer before being added into the hop-
per of the extruder. The temperature of the ex-
truder were set as 160 to 180°C from feeding 
to barrel zones. MAPLA was purified by dis-
solving in chloroform and precipitated by add-
ing a large amount of n-pentane. The precipitate 
was filtrated by using 0.2 µm membrane filter. 
The sample were dried in the vacuum oven at 
60°C for 24 hour. The grafting ratio was de-
termined to be 1.01% MAH by titration proce-
dures described by Shiraishi and Ajioka[15].

2.3. Composite Preparations

Before preparing composites, the raw materi-
als were dried in a vacuum oven at 60°C for 24 
h. Compounding was carried out through a melt 
mixing method by using the twin screw ex-
truder. The temperature of the extruder were set 
as 190 to 210°C from feeding to barrel zones, 
respectively. The screw speed of the extruder 
was set at 100∼150 rpm. The products were 
dried in a vacuum oven at 60°C for at least 24 h. 

2.4. Measurement

The MAPLA was qualitatively characterized 
by FT-IR. Spectra were recorded on TravellR 
FT-IR spectrometer with the condition of 16 
scans at a resolution of 4 cm-1. The measure-
ment of X-ray diffraction pattern was carried 
out on Rigaku RIX2100. The Generator was op-
erated at 50 KV and 300 mA. The scanning 
range was 2∼10 degree and X-ray wavelength 
of Cu Kα was 1.5406 Å. The morphology of 
nanocomposites was imaged by a FEI Tecnai 
G2 20 transmission electron microscope (TEM) 
using an acceleration voltage of 200 kV. The 
ultra thin sections of sample were microtomed 
at room temperature. The mechanical properties 

(a)

(b)

Fig. 1. FT-IR spectra of MAPLA and related sam-

ple; (b) is the magnification of square in (a).

of nanocomposites were investigated under the 
ambient condition by using an universal testing 
machine (UTM: Instron 5567). The specimen 
was prepared by using an injection molding 
machine. Tensile test was performed according 
to ASTM D-638. The cross-head speed was 10 
mm/min, and 5 specimens were measured and 
averaged. The morphology of the PLA/WF 
composites was obtained by scanning electron 
microscopy (model: HITACHI S-4200) at an 
accelerated voltage of 15 kV after silver coating. 

3. RESULTS and DISCUSSION

3.1. FT-IR Analysis

Fig. 1 shows the FT-IR spectra of PLA, phy-
sical mixture of PLA, MAH and initiator, and 
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Fig. 2. X-Ray patterns of the MMT (Na
+

-MMT, 30B).

MAPLA after purification. In Fig. 1(a), the 

mixture of PLA and MAH with initiator shows 

the peak at around 700 cm-1 corresponded to C 

=C of MAH and the weak peak near 1,850 cm-1 

can be attributed to C=O of MAH[16, 17]. In 

the spectrum of MAPLA after purification in 

which removed unreacted MAH, the peak at 

700 cm-1 disappeared, while the peak at 1,850 

cm-1 became smaller but still existed. Fig. 1(b) 

is the magnification of square in Fig. 1(a). 

These results convince that the PLA is grafted 

by MAH.

3.2. XRD Patterns

Fig. 2 shows the XRD patterns of MMT (30B) 

used in this experiment. The (001) peak of the 

MMT (30B) is observed at about 2θ = 4.75°, 

which corresponds to an interlayer spacing of 

1.86 nm higher than 1.2 nm of original MMT 

(Na+-MMT) because of the insert of organic 

modifier.

The XRD patterns of silicate layers in PLA 

nanocomposites were shown in Fig. 3. For all 

PLA composites with different MMT composi-

tions, there are no noticeable XRD peaks of sil-

icate layers at low-angle range, confirming that 

the disordered and exfoliated structures of sili-

cate layers of MMT in PLA matrix were ob-

tained after melt mixing. In Fig. 3(c), a weak 

Fig. 3. X-Raypatterns of nanocomposites; (a) PLA/ 

MMT (99/1 wt%), (b) PLA/MMT (97/3 wt%), 

(c) PLA/MMT (95/5 wt%), (d) PLA/MMT/ 

MA-PLA (93/5/2 wt%), (e) PLA/MMT/WF 

(65/5/30 wt%).

and broad peak that appears around 2θ = 5° is 
due to the (002) second registry of MMT[18, 
19]. When 2 wt% MAPLA is added to PLA/MMT 
composites (Fig. 3(d)), the (002) peak of MMT 
exists continuously. However, as shown in Fig. 
3(e), the (002) peak could not be observed at 
the above range, when the PLA/MMT (95/5 
wt%) nanocomposite is filled with 30 wt% WF. 
These observations may indicate that the inter-
layer spacing of MMT was more increased and 
dispersed than the PLA/MMT nanocomposites.

Fig. 4 shows the XRD patterns of PLA/WF/ 
MMT/MAPLA nanocomposites by melt extru-
sion as a function of MMT contents variation 
from 1 to 5 wt%. Then, the aloading lever of 
WF and MAPLA were fixed at 30 wt% and 2 
wt% respectively. The peak of XRD patterns 
was similar to that of PLA/MMT nanocom-
posites. From the XRD pattern analysis, it was 
confirmed that an exfoliated nanocomposite 
structure was formed for PLA nanocomposites.

3.3. Morphology of TEM

Fig. 5 shows the TEM images of the PLA/ 
MMT (95/5 wt%) nanocomposite. The dark re-
gions in the Fig. 5(a) corresponded to the inter-
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Fig. 4. XRD patterns of PLA/WF/MMT/MAPLA nano-

composites; (a) PLA/WF/MMT/MAPLA (67/ 

30/1/2 wt%), (b) PLA/WF/MMT/MAPLA (65/ 

30/3/2 wt%) and (c) PLA/WF/MMT/MAPLA 

(63/30/5/2 wt%).

(a) (b)

Fig. 5. TEM image of PLA/MMT (95/5 wt%) nanocom-

posite; (b) is the magnification of circle in (a).

sections of the silicate layers of 1 nm thickness, 
and the comparatively bright regions represent 
the regions occupied by the polymer. Although 
the exfoliation in the nanocomposites from 
XRD analysis was mentioned, it is observed 
that intercalation and exfoliation occurred at the 
same time. As shown in Fig. 5(b), the interlayer 
distance by the exfoliation increased up to 50 
nm. However, a complete exfoliation of the 
PLA/MMT nanocomposites is almost impossi-
ble. The occurrence of exfoliation was partially 
observed using the X-ray diffraction and TEM 
images analysis. TEM and XRD analysis face 
similar limitations when evaluating the exfolia-

(a) (b)

Fig. 6. TEM image of PLA/WF/MMT/MAPLA (63/ 

30/5/2 wt.%) nanocomposite; (b) is the mag-

nification of circle in (a).

tion or intercalation of the nanocomposites. 
Since TEM and XRD methods selectively 
analyze only the particular section, the statistical 
error range varies greatly thus making accurate 
the degree of intercalation and exfoliation 
measurements a very difficult task.   

Fig. 6 shows the TEM images of the PLA/WF/ 
MMT/MAPLA (63/30/5/2 wt%) nanocomposite. 
As shown in Fig. 6(b), the silicate layers of 
MMT were more dispersed than the PLA/ MMT 
(95/5 wt%) nanocomposite. This observation is 
again in agreement with previous XRD results.

3.4. Mechanical Properties

  The strain-stress curves are shown in Fig. 7 
and summarized in Table 1. The tensile strength 
of neat PLA was 72.8 MPa. The tensile strength 
increases from 72.8 MPa to 73.4 MPa when the 
PLA is filled with WF at the loading level of 
30 wt%. Also, the tensile modulus increases 
significantly from 1.11 GPa to 1.94 GPa re-
presenting 74% increase over neat PLA. This 
indicates that the incorporation of WF into the 
matrix provides effective reinforcement. The 
elongation at break of the PLA/WF (70/30 wt%) 
composite was over 50% smaller than that of 
neat PLA. Park and Balatinecz[20] reported that 
the elongation at break decreased with the 
addition of WF because of the decreased 
deformability of the matrix, which was restricted 
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Table 1. Tensile properties of PLA composite reinforced with WF

Sample

(PLA/WF/MMT/MAPLA)

Tensile modulus

(GPa)

Tensile strength

(MPa)

Elongation at break

(%)

100 1.11 (0.01) 72.8 (0.30) 9.7 (0.25)

70/30 1.94 (0.02) 73.4 (1.05) 4.5 (0.10)

68/30/0/2 2.10 (0.03) 74.9 (0.68) 4.2 (0.20)

67/30/1/2 2.24 (0.02) 73.8 (0.90) 3.8 (0.18)

65/30/3/2 2.39 (0.02) 71.5 (0.86) 3.3 (0.15)

63/30/5/2 2.59 (0.02) 67.8 (1.13) 2.9 (0.10)

Fig. 7. Strain-stress curve of neat PLA and PLA 

composites; (a) neat PLA, (b) PLA/WF (70/ 

30 wt%), (c) PLA/WF/MAPLA (68/30/2 wt%), 

(d) PLA/WF/MMT/MAPLA (67/30/1/2 wt%), 

(e) PLA/WF/MMT/MAPLA (65/30/3/2 wt%), 

(f) PLA/WF/MMT/MAPLA (63/30/5/2 wt%).

by the rigid particles. Generally, this behavior 
was observed in the reinforced thermoplastics 
and has been reported many researchers [21,22].

As shown in Fig. 7(c), when 2 wt% MAPLA 
is added, the tensile strength and modulus of 
PLA/WF/MAPLA composite were higher than 
that of the PLA/WF (70/30 wt%) composite, 
but elongation at break was lower than the 
PLA/WF composite. The use of MAPLA may 
improve interaction and adhesion between the 
WF and PLA leading to better matrix to filler 
stress transfer. Because of the anhydride group 
of MAPLA could react with hydroxyl group of 
WF to form ester linkages[15,23-26]. Table 1 

shows that the addition of 0 and 1 wt% MMT 
into PLA/WF/MAPLA composite increases ten-
sile strength but increases the modulus.

4. CONCLUSIONS

This study investigates the tensile and mor-
phological properties of composites prepared 
from PLA, WF and MMT by melt compound-
ing with a twin screw extruder. In order to en-
hance the interfacial adhesion between hydro-
philic WF and hydrophobic PLA that maleic 
anhydride grafted PLA (MAPLA) was used as 
a compatibilizer. The FT-IR give evidence of 
MAPLA formation, the grafting ratio was de-
termined to be 1.01% MAH by titration. From 
the XRD results, the PLA/MMT nanocompo-
sites with 1, 3, and 5 wt% of MMT confirming 
that the exfoliated structure of silicate layers of 
MMT in PLA matrix were obtained after melt 
mixing. The TEM results show that exfoliation 
occurred along with intercalation simultaneously. 
The X-Ray patterns of PLA/WF/MMT/MAPLA 
composites were similar to those PLA/MMT 
composistes. The incorporation of 30 wt% WF 
into PLA increasesthe tensile strength and mod-
ulus of WF reinforced composites compared to 
neat PLA. The addition of 2 wt% MAPLA into 
PLA/WF composite more increases the mechan-
ical properties than that of PLA/WF (70/30 
wt%) composite. Also, the addition of MMT in-
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creases the modulus of PLA/WF/MAPLA com-
posites, while the tensile strength was decreased 
as MMT content increased from 1 wt% to 5 
wt%. 
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