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ABSTRACT

Cellulose nanowisker (CNW) treated by organosilane (aminopropyltriethoxysilane (APS)) rein-
forced polylactic acid (PLA) via solvent casting evaporation process were developed. The effects of
APS concentration and modified nanocellulose content in the nanocomposites were investigated.
APS modified CNW (designated as A-CNW) was confirmed using Fourier transform infrared spec-
troscopy (FTIR), transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy
(XPS) measurements, which provided further evidences about the efficiency of CNW surface modi-
fication. Nanocomposites were prepared by casting the N, N-dimethylacetamide (DMAc) solutions
onto glass plates and evaporating the solvent at 80°C. The interfacial adhesion between CNW and
PLA was obviously improved, which can be clearly observed by scanning electron microscope (SEM)
analysis. Tensile properties and thermal/dynamic mechanical thermal properties of the compos-
ites were studied theoretically and experimentally to see how APS concentration and CNW content
affected the resulting PLA/A-CNW nanocomposites. The tensile strength and elongtion increased
from 35.7 MPa to 50.6 MPa and from 2.5% to 5.2%, respectively, for nanocomposites with 2% v/v APS
and 3 wt % CNW. Dynamic mechanical thermal analysis revealed a decrease in damping and an
increase in storage modulus for treated nanocomposites. The presence of A-CNW favored its disper-
sion in the PLA matrix.
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1. Introduction

Polylactic acid (PLA), derived from renewable resources
[1], has been the frontrunner in those biodegradable and
recyclable biopolymers [2] because of its attractive mechan-
ical properties, renewability and relatively low cost [3,4].
With good processability [5] and recyclability, PLA shows
great potential for the applications in industrial plastic,
automotive and biomedical fields [6,7], however, the prop-
erties of PLA such as the brittleness [8], low impact strength
and low thermal stability [1] related to its drawbacks make
its usage limited. To overcome these disadvantages, a solu-
tion has largely developed over the past years involved in
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incorporating nano-sized reinforcing elements within the
PLA matrix [6,9-11]. In this respect, cellulose nanowiskers
(CNWs) represent promising nanofiller with the excellent
mechanical properties (e.g., Young’s modulus of about
150 GPa), sustainability [8] biodegradability and high sur-
face-reactivity (from hydroxyl functions). They have been
obtained by diluted acid hydrolysis of wood pulpboard and
homogenizing process [12,13]. They offer greater opportu-
nities to develop a new class of light-weight, transparent
and enviromental friendly nanocomposites.

Fine nanofiller dispersion within the polymeric matrix
is crucial to develop polymeric nanocomposites with out-
standing properties. CNWs reveal a defect in reinforcing
the polymeric matrix that is the strong hydrophilic nature
due to large amount of hydroxyl groups, which causes low
compatibility and poor interfacial adhesion with polymeric
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matrices [14]. Poor interfacial adhesion leads to an ineffi-
cient stress tranfer under load, resulting in low mechani-
cal strength [15,16]. In order to improve their compatibility,
CNWs are currently modified via the reaction between the
hydroxyl groups located at their surface. Several studies
have been reported using surfactant (polarheads and long
hydrophobic tails), compatibilizer and polymer chains
grafted through “grafting from” and “grafting onto” meth-
ods [17-20]. Nevertheless, the surface-functionalization is
not straightforward and enviromentally-friendly due to the
adsorption of organic solvents. Direct surface-functionliza-
tion starting from aqueous CNW suspension seems to be an
efficient way to solve these issues.

In this regard, silanes are recognized as efficient cou-
pling agents extensively used in composites and adhesive
formulations [21]. Functional trialkoxysilanes (R’Si(OR),)
are widely used in water as coupling agents via hydroly-
sis and condensation reactions to enhance the adhesion
between polymeric matrices and CNWs [22,23], which have
been successfully applied in inorganic filler such as glass
fiber and mineral [24,25]. They have also been applied in
natural fiber/polymer composites due to their bio-func-
tional structures, since both glass fibers and natural fibers
bear reactive hydroxyl groups. In the present work, we
proposed to surface-functionalize CNWs in the presence of
aminopropyltriethoxysilane (APS) and use the APS treated
CNW (A-CNW) as nanofillers in PLA-based nanocompos-
ite films. The effects of APS and the addition of CNW on
the properties of PLA matrix were investigated. FTIR, XPS
and TEM analyses were used as characterization tools for
A-CNWs. Then, A-CNWs were blended with PLA using a
solvent casting method. The fracture-surface morphology
was observed by SEM analysis. DMA and DSC were car-
ried out to investigate the thermomechanical properties of
the resulting nanocomposite films, and compared with neat
PLA. Tensile properties of the nanocomposite films were
also presented in this article. The objective of this work was
to examine the effects of surface treatment of CNW on the
dispersion of CNW and the mechanical properties of the
resulting PLA nanocomposite films.

2. Materials and methods
2.1. Materials

Lignocellulose pulpboard was obtained from Huatai
paper mill, Shandong, China. Sulfuric acid, acetic acid and
N, N-dimethylacetamide (DMAc) from Beijing Chemical
Plant were used as-received. Aminopropyltrimethoxysi-
lane (APS) from Beijing shenda fine chemical Co., Ltd was
used as-received. A biodegradable, thermoplastic matrix
PLA (M = 100,000) was purchased from Shanghai Yisheng
industry Ltd.

2.2. Organosilanization of CNWs

The CNWs were achieved base on the previous litera-
ture [13]. In a 250 ml flask, a CNW suspension (1 g CNWs
in 100 mL 80/20 v/v ethanol/distilled water) was placed at
pH of 4 by adding acetic acid into it. Then, APS was added
into the suspension, followed by a stirring for 2 h at ambi-

ent temperature. The CNWs were then washed twice by tap
water, and then washed several times with DMAc. The 1%,
2%, 5% of APS modified CNWs (volume percentage of APS
to the CNW suspension: v/v) were studied in the research.

The A-CNW solid was dispersed in DMAc, ultrason-
icated for 20 min at a frequency of 40 Hz (KQ 5200DB,
China), then the suspension of A-CNW dispersed in DMAc
was obtained.

2.3. Nanocomposites preparation

The desired amount of PLA was added into A-CNW
suspension, and then stirred at 80°C for 2 h. The suspension
(Table 1) was poured onto a glass and scraped. The com-
posites were cured at 80°C for 10 min and post cured under
vacuum condition at 40°C for 24 h to ensure that the sol-
vent had completely evaporated. The thickness of films was
approximately 150 pm.

2.3. Characterization

Fourier transform infrared (FTIR) spectra were recorded
using a Tensor 27 (Bruker, Germany) device with an ATR
Harrick Split Pea. Spectra were recorded using a spectral
width ranging from 4000 to 400 cm™, with 2 cm™ resolution
and an accumulation of 32 scans.

The morphology of the nanocomposites was recorded
using a transmission electron microscope, TEM (Jem 2100
HRTEM, acceleration voltage 80 kV). Differential scan-
ning calorimetry (DSC) analysis was performed using a TA
Instruments Q200 apparatus. A heat/cool/heat procedure
was applied for a temperature range from 25°C to 200°C
with a rate of 10°C/min.

Thermomechanical properties of the nanocomposites
were performed under ambient atmosphere using a Q800
DMTA apparatus from TA Instruments using a dual canti-
lever module. The measurements were carried out at a con-
stant frequency of 1 Hz and an amplitude of 5 pm, following
a temperature range from 0 to 100°C for PLA based materi-
als at a heating rate of 5°C/min.

Mechanical tests of nanocomposites were conducted on
a DCP-KZ300 ata crosshead speed of 20 mm /min, according
to the European Standard NF-EN-ISO-527-3:1995. Samples
for mechanical analysis were prepared with dimensions of
approximately 15 mm x 100 mm. The mechanical tests were

Table 1
Formulation and sample code for the nanocomposites
investigated in this study

Samples PLA APS A-CNW
concentration concentration concentration
(wt%) V/v %) (W/w %)

PLA 16 0 0

PLA-AC1 16 1 3

PLA-AC2 16 5 3

PLA-AC3 16 2 1

PLA-AC4 16 2 3

PLA-AC5 16 2 5
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carried out with five individual films for each of the cast-
ing solution, and the average value was taken as the datum
point.

The fracture surface of nanocomposites was studied
with a JSM5900 scanning electron microscope (SEM) under
an accelerating voltage of 5 kV. All the surfaces were sput-
tered with gold. In addition, X-ray photoelectron spectros-
copy (XPS, ESCALAB 250Xi, 1eV per step and 0.05 eV per
step for narrow scan) was used to study the surface compo-
sitions of A-CNW. The XPS experiments were conducted at
room temperature with a base pressure of 10® mbar.

3. Results and discussions

3.1. Mechanism of APS modified CNW reinforcing PLA

The reaction process of organsilanization which takes
place in cellulose surface is shown in Fig. 1. Firstly, the
alkoxy groups of APS reacted with water to form silanol
and the concomitant condensation of silanols took place.
Then a small molecular size of oligomers were retained to
diffuse into the cellulose surface, the reactive oligomers
and hydroxyl groups on the glucose units of the cellulose
leading to hydrogen bonded on the fiber surface. When
combined with the PLA matrix, a reaction between amine
groups from APS and acid end groups of PLA led to the
formation of an amide function. Chemical bonding could be
established between the CNW and PLA matrix, and interfa-
cial properties could be improved.

3.2. FTIR characterization

The FTIR spectra of untreated and treated CNW are
presented in Fig. 2. FTIR spectrum clearly showed the
appearance of the peaks corresponding to CNW: the
broad band at 3600-3200 cm™ can be assigned to free
OH groups of cellulose molecules. The absorption peak
around 2900 cm™ was due to stretching of C-H groups.
The peak at around 1635 cm™ was probably associated

CNF
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Fig. 1. The reaction mechanism of APS on the cellulose surface
and the reinforcing mechanism of A-CNW/PLA nanocomposite.

with absorbed water in crystalline cellulose [16]. The
peak at 1432 cm™ was attributed to CH, bending stretch-
ing, and 1371 cm™ to C-H. The absorption peaks at 1058
cm™ and 1035 cm™ were related to the C-O stretching, the
peak located at 900 cm™ was corresponding to the C-H
bending or —CH, stretching which indicated the amor-
phous structure of CNW [26,27].

The results showed that APS treated CNW after drying
at room temperature overnight exhibited the band at 1560
cm™ which was typical of amino group that was strongly
hydrogen bonded to the hydroxyl groups of silanol in
agreement with the Abdelmouleh et al. [28] study. The
weak band at 997 cm™ was assigned to the unreacted silanol
groups produced in the silane hydrolysis [27]. The strong
absorption of cellulose bond in the region of 1000-1200
cm™ made it difficult to completely assign to the Si-O-5i
and Si-O-C_ . [29]. The intensity of the peak at 1035 cm™,
which was an overlap of Si-O-5i band and the C-O stretch-
ing of cellulose, was increased after APS treatment, further
evidence of silane adsorption [27].

3.3. XPS analysis

The elemental compositions of CNW and A-CNW
obtained from the XPS spectra are shown in Fig. 3A, and
the relative atomic concentration and oxygen-to-car-
bon ratios are summarized in Table 2. The CNW had the
oxygen-to-carbon (O/C) atomic ratio of 0.71, which was
slightly below the theoretical O/C value of 0.83 for pure
cellulose, possibly because of the presence of C-rich molec-
ular segments at the surface of the solids under study. This
difference could be attributed to the surface pollution by
hydrocarbons adsorbed at the surface of nanofibers [30].
For A-CNW, the presence of silicon and nitrogen was deter-
mined, indicating clearly the bonding of silane to CNW.
Meanwhile, the ratio of O/C decreased from 0.71 to 0.55,
with the silane treatment due to the bonding of APS.

R-Si-(OR')3

Hydrolysis l
R-Si-(OH)3
Self—condensationl
R

II
PLA matrix (C-GH-O)cH

.......... [,

+ PLA

T

HO+S|| O_S|i-o SI+nOH s Cellulose Surface
L2 o o

H HH Hi TH

o O 0
[

/r77 Cellulose Surface

Fig. 2. The FT-IR spectra of untreated and APS treated CNW.
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Fig. 3. XPS spectrum of CNW and A-CNW (A) and the high
solution Cls spectra (B).

The high solution C1s spectra of the CNW and A-CNW
are shown in Fig. 3B, in the case of the C,_spectra of CNW, it
shows the presence of three types of carbon bonds: C-C (C1,
285 eV), C-O (C2, 286.7 V), and C-O-C (C3, 288.3 eV) [31].
These results are summarized in Table 3. The intensity of
the C1 peak increased from 13.36% for CNW up to 28.93%
for the APS treated CNW, which was due to the presence
of the propyl groups of APS. In addition, the intensity of
the C2 and C3 peaks decreased. It was demonstrated that
APS displayed a better adsorption affinity toward the CNW
substrate.

3.4. TEM analysis of CNW and A-CNW

The size distribution and morphology of the CNWs
were analyzed by TEM and the results are exhibited in
Fig. 4. It was difficult to determine the size of CNW due
to agglomeration, but from several images the CNW pre-
sented the typical dimensions of aspect ratio from 20 to 50.
The average diameter of A-CNW (ca. 50 nm) was higher
than those of neat CNW (ca. 25 nm), which was more likely
relied on the formation of a polysiloxane layer onto the
A-CNW surface after silanization. Also, the result was con-
sistent with the FTIR and XPS that the APS couple agent
was successfully grafted onto CNW. The A-CNW kept
the integrity and rod-like structure, which can be used as
nanoreinforcing agent for polymer matrix.

3.5. Mechanical properties

Tensile properties have been evaluated for neat PLA
and PLA/A-CNW composite films. Fig. 5 shows the
changes of mechanical properties of the PLA (100%)/
silanized CNW (3%) composites films with various con-
tents of APS silane agents. The results showed that the

Table 2
The atomic concentration of CNW and APS treated CNW

o/C Cls Ols Nils Si2p
CNW 0.71 58.09 41.62
A-CNW  0.55 61.94 34.15 0.87 3.04
Table 3

Relative carbon composition of CNW before and after APS
treatment

C1(C-C) C2(C-0) C3(C-0-C)
CNW 13.36 67.80 18.85
A-CNW 2893 54.48 16.59

CNWs treated with APS can improve the tensile strength
and elongation at break obviously. The composite film
with 2% v/v silanized CNWs showed the best tensile
properties, the tensile strength and elongation increased
significantly by 42.8% (50.6MPa) and 108% (5.2%), in com-
parison with the neat PLA film whose tensile strength
and elongation were 35.7 MPa and 2.5%, respectively. In
addition, the tensile strength dropped drastically with 5%
v/v APS content. This mechanical behavior was due to
the improvement of CNW/PLA adhesion when CNW was
modified with organosilane (APS). The increase of tensile
strength may be attributed to the chemical bond between
PLA matrix and amino groups linked to the cellulose sur-
face [16]. At the 5%V /v APS, the interface strength would
exceed the native strength of the CNW itself. Therefore,
the break of the CNW occurred under the tensile loading,
leading to the crack initiation.

The mechanical behavior for composite films rein-
forced with 1, 3, 5 wt % of 2% v /v APS modified CNW was
performed by tensile testing at room temperature, respec-
tively. Fig. 6 shows the effect of A-CNW content on the
tensile strength and elongation. The figure clearly showed
that increased A-CNW content had positive effect on com-
posite films strength compared to neat PLA. By incorpo-
rating 3 wt% A-CNW, composites had the highest tensile
strength, increased by 42.8% compared to pure PLA. When
adding 1 wt% content of A-CNW, there was not enough
A-CNW to cross with each other and form a network in the
PLA matrix. However, the strong self-aggregating nature
of A-CNW (5 wt %) led to a less pronounced increase in
tensile strength. The interfacial adhesion between A-CNW
and PLA weakened.

The ever-increasing improvement in tensile strength
can be attributed to the improvement in the surface chem-
ical compatibility between CNW and the PLA matrix after
silanization. The tensile results indicated that the addition of
APS can promote the reinforcement of CNW /PLA compos-
ites. The tensile strength of composite films firstly increased
and then decreased with the increase of APS concentration
or A-CNW content in PLA matrix. The reason may be that
more APS underwent self-condensation and form hydroxyl
bond among APS, which made the layer between PLA and
CNW too thick and led to the difficulty in stress-transfer-
ring. The self-aggregated nano-size filler could be adopted
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Fig. 4. TEM images of CNWs (a) and A-CNWs (b).

55 6
50 - L5
—
G RS
< .
E -
2 45 L4 3
€ s
g ] =
= =
2 404 3 £
2 + =
- on
@ =
3 H
35 Lo
—e— Tensile strength (MPa)
—m— Elongation at break (%)
30 T T T T T T 1

-1 0 1 2 3 4 5 6
APS content (wt %)

Fig. 5. The effect of APS content on mechanical properties of
nanocomposites.

to explain why more A-CNW adding would decrease the
mechanical properties of PLA matrix.

3.6. DSC analysis

The thermal behavior of PLA-based nanocomposites
was determined using DSC measurements (Fig. 7). The
melting temperature (T, ), melting enthalpy (AH ), crys-
tallization temperature (T) and crystallization enthalpy
(AH ) were determined for the neat PLA and the nano-
composites reinforced with different content of A-CNW.
The neat PLA presented only a glass transition tempera-
ture close to 46°C, while did not show a clear T, under
the investigated conditions, this phenomenon was due to
the almost “amorphous” state of PLA used in the study.
In contrast, when APS modified CNW existing, PLA
nanocomposites show a shoulder melting peak and a
melting peaking around 141 and 150°C, together with a
cold crystallization transition at T < 120°C. The presence
of two distinct melting peaks or a melting peak and a
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Fig. 6. The effect of A-CNW content on mechanical properties
of nanocomposites.
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Fig. 7. DSC thermograms of neat PLA and PLA based composite
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shoulder were well-known situations in the case of PLA,
originating from the modification of PLA crystal growth
[32]. It could be ascribed to the coexistence of two crys-
talline structure: less perfect-crystals (a’-form crystals),
which had enough time to melt and recognize into crys-
tals with greater structure perfection (o-form crystals)
[33]. It was generally believed that the peak at the higher
temperature was the melting peak produced by re-crys-
tallization, and this pattern corresponded to a more sta-
ble melting process of the crystals [34]. This behavior can
be explained by the nucleation effect by cellulose nano-
crystals during the crystallization of PLA [35].
Incorporating APS modified CNW in the PLA matrix
can be responsible for modifications in its crystallization by
playing the role of nucleating agents. As shown in Fig. 7,
the A-CNW content played an important role in determin-
ing the nucleating effect of PLA nanocomposites. The T, of
PLA-ACS3 (1 wt %), PLA-AC4 (3 wt %), PLA-AC5 (5 wt %)
resulted in a noticeable change from 116 to 106°C, which
indicated the PLA nanocomposites with 2 % v/v APS/3 wt
% CNW can crystallize much easier. Minor changes in T, can
be seen from 46 to 41°C when adding A-CNW (take the pro-
portions of APS and the content of A-CNW into account),
a behavior which persisted in the binary blend which may
indicate a plasticization effect of the A-CNW toward PLA.

WD12.5mm 10.0kV ul.2k

The decrease in the T suggested an increase of the mobility
of polymer chains [36], which was also due to the miscible
effect between PLA and A-CNW.

3.7. Scanning electron microscopy analysis

SEM micrographs of fractured surface of the PLA and
its nanocomposites are presented in Fig. 8. The micrographs
have been taken on the tensile fracture surface. From Fig. 8a
the neat PLA showed the interlayer organization structure,
then, the fracture surface became compact in presence of
CNW which could be seen from Fig. 8b-8f. As shown in
Fig. 8b, 8c and 8e, the nanocomposites present tough char-
acteristics with increased APS concentration, which can
be demonstrated with a rough fracture surface severely
deformed PLA matrix. Some drawn deformation and wire
drawing phenomenon were seen. The tensile behavior of the
2 % v/v APS/3 wt% CNW/PLA nanocomposite (Fig. 8e)
should be attributed to the semi-brittle failure, which per-
formed high tensile strength and relative good elongation.

For Fig. 8d, 8e and 8f, the fracture surface morphology
of A-CNW /PLA nanocomposites with different content (1,
3 and 5 wt%) of CNW under the same APS adding amount
(2 % v/v) was revealed. Compared to neat PLA, the sur-
face of the PLA-AC3 (1 wt%) showed only roughness and

WD12 . 4mm 10 .0kV x1_5k

WD12.2mm 10.0kV x1.5k

WD12.3mm 10.0kV x1.5k

Fig. 8. Scanning electron microscope (SEM) photos of the fracture surfaces of the nanocomposite films (a) PLA; (b) PLA-AC1;

(c) PLA-AC2; (d) PLA-AC3; (e) PLA-AC4; (f) PLA-ACS.
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no wire drawing phenomenon, because it was difficult to
form the network with low A-CNW content. But the nano-
composites with 5 wt% A-CNW (PLA-AC5) had a rougher
surface compared to those with lower CNW contents. And
the surface of PLA-AC5 showed in Fig. 8f, with A-CNW
agglomeration, indicated that a relatively poor dispersion
was achieved in composites with high CNW content [9].
From the SEM results, we can make a conclusion that the
APS modified CNW improved the compatibility between
CNW and PLA and both CNW and APS played an import-
ant role in improving the performance of PLA.

3.8. Dynamic mechanical thermal analysis

Fig. 9 shows the storage modules and tan delta as a
function of temperature of the prepared nanocomposites.
The materials showed a typical behavior for a semi-crystal-
line polymer, with a transition peak, related with Tg of PLA,
at around 60°C for neat PLA and PLA based nanocompos-
ites. As far as E” was concerned (Fig. 9A), we can observe
that the storage modulus was significantly improved in
the viscoelastic temperature region of the polymer for all
nanocomposites. Thus, the CNW content had an important
effect on improving the E’ of the nanocomposites within the
temperature region investigated in this study. For instance,
E’ determined at 25°C (glassy state) increased from 1030

( A) 4000

Storage modules (MPa)

0 20 40

Temperature(C)

0.18
Tand=E"/E'

(B) 0.16 4
0.14
0.12
0.10

0.08

Tan delta

0.06

0.04

0.00 T T 1
40 60 80

Temperature ('C)

80

227

MPa for neat PLA to more than 3400 MPa when loaded
with 3 wt% CNW modified with 2% v/v APS (PLA-AC4),
which supported the data obtained from tensile testing and
the trend, as well as the values found to be comparable.
The reinforcing effect provided by the chemically-mod-
ified CNW in the PLA matrix can be used to explain the
increase in E’ values. In addition, the concentration of APS
did not affect the E” when APS adding amount was over
2% (v/v), which was due to the compatibility of PLA/A-
CNW and the formation of a rigid percolating filler network
interconnected by hydrogen bonds, while the content of
CNW strongly affected the E” values of PLA nanocompos-
ites. It can be explained that low CNW content could not
be enough to form a network and was easy to cause fibrils
aggregation with high content.

Fig. 9B shows how the addition of APS-modified CNW
influenced the tan delta (related with the glass transition
temperature) peak position of PLA. As can be seen from
Fig. 9B, the tan delta peak of pure PLA was shifted to lower
temperature with A-CNW adding into PLA matrix. The tan
delta data are listed in Table 4. The peak position for PLA
was at 60°C decreased to 54°C for the nanocomposites of 2%
v/v APS/3 wt% CNW /PLA. Fig. 9B also shows the inten-
sity of the tan delta peak increased with the addition of APS
compared to neat PLA. The increase in storage modulus and
negative shift in tan delta peak position can be attributed to
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Fig. 9. DMA of PLA and PLA based nanocomposite films: (A) storage modulus and (B) tan & curves.
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Table 4
Storage modulus (E’) and Tan delta of PLA based
nanocomposite films (from 0 to 80°C, 5 pm, 1 Hz)

Samples E’ (MPa 25°C) Tan delta (°C)
PLA 1030 60
PLA-AC1 3330 56
PLA-AC2 3100 56
PLA-AC3 2560 57
PLA-AC4 3420 54
PLA-AC5 1940 58

the network structure formed by A-CNW and strong inter-
facial interactions between A-CNW and PLA matrix, which
can transfer energy from PLA to A-CNW, the similar results
werre also found in the research of Wang et al [37].

4. Conclusion

It was demonstrated that the CNW could be well-dis-
persed in PLA matrix and had good interfacial interaction
with PLA using solvent casting-evaporation process. The
CNW with aspect ratio from 20 to 50, surface-modified
with APS under aqueous suspension, kept their integrity
and rod-like morphology. The coupling reaction had been
successfully occurred between APS and CNW, which was
evidenced by FTIR and XPS analysis. The mechanism of
APS grafting onto the cellulose surface and A-CNW/PLA
interfacial interaction was presented. It was noticed that
the PLA/A-CNW composite film with 2% v/v APS and 3
wt % CNW showed the best tensile properties, the tensile
strength and elongation increased significantly by 42.8%
(50.6 MPa) and 108% (5.2%), in comparison with the neat
PLA film whose tensile strength and elongation were 35.7
MPa and 2.5%, respectively. The fracture morphology study
of PLA and its nanocomposite films showed that a rela-
tively good dispersion was achieved. Thermal mechanical
and thermal analyses showed that A-CNW acted as nano
reinforcing agent for PLA matrix. DMA study indicated that
the increased modulus, together with negative shift in tan
delta peak positions, was attributed to the network struc-
ture formed by A-CNW and a layer of immobilized macro-
molecular chains resulting from stronger interactions at the
cellulose /matrix interface.
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