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a b s t r a c t

A novel and facile method for surface acetylation of cellulose nanocrystals (CN) was developed by reac-
tion with acetic anhydride and hydroxyl groups on the surface of CN. The resultant acetylated cellulose
nanocrystals (ACN) exhibited improved dispersion in various organic solvents and reduced polarity as
ccepted 20 October 2010
vailable online 27 October 2010
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compared with unmodified CN. These ACN were subsequently introduced into a poly(lactic acid) (PLA)
polymeric matrix to produce fully biodegradable nanocomposites, which showed superior mechanical
performance and thermal stability. This improvement was primarily attributed to uniform dispersion of
the ACN and to strong interfacial adhesion between filler and matrix. This high performance and eco-
friendly nanocomposite will expand the utilization of cellulose nanocrystals from renewable bioresources

ion o
oly(lactic acid)
einforcing

and the practical applicat

. Introduction

It has been proposed that polysaccharides were the first biopoly-
ers to have formed on Earth (Tolstoguzov, 2004). As one of the
ost important subgroups of polysaccharides, cellulose is a ubiqui-

ous and abundant structural polymer found in plants and animals,
nd even in primeval organisms such as bacteria, fungi, algae and
moebas. Cellulose nanocrystals (CN) have attracted a great deal of
nterest in the nanocomposites field due to their appealing intrin-
ic properties including nanoscale dimensions, high surface area,
nique morphology, low density, and mechanical strength, as well
s the fact that they are readily available, renewable and biodegrad-
ble (Habibi, Lucia, & Rojas, 2010). Furthermore, abundant hydroxyl
roups on the surface of CN are suitable for chemical modifica-

ion including esterification, etherification, oxidation, silylation,
nd polymer grafting (Dufresne, 2010; Eichhorn et al., 2010). As
uch, numerous researchers have attempted to take advantage of
hese attributes. CN were first introduced as reinforcing nanofiller
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ax: +86 27 87859019.
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© 2010 Elsevier Ltd. All rights reserved.

in poly(styrene-co-butyl acrylate)-based nanocomposites by Favier
et al. (Favier et al., 1995). Since then, CN or modified CN have
been used as fillers to enhance a wide range of synthetic polymeric
matrices such as poly(oxyethylene) (Azizi Samir, Alloin, & Dufresne,
2005; Azizi Samir, Alloin, Sanchez, Kissi, & Dufresne, 2004; Azizi
Samir, Chazeau, et al., 2005), polypropylene (Ljungberg, Cavaillé,
& Heux, 2006), polyethylene (de Menezes, Siqueira, Curvelo, &
Dufresne, 2009), poly(vinyl chloride) (Chazeau, Cavaillé, & Terech,
1999; Chazeau, Paillet, & Cavaillé, 1999; Chazeau, Cavaillé, &
Perez, 2000), poly(vinyl alcohol) (Paralikar, Simonsen, & Lombardi,
2008), poly(vinyl acetate) (Garcia de Rodriguez, Thielemans, &
Dufresne, 2006; Roohani et al., 2008); poly(�-hydroxyoctanoate)
(Dubief, Samain, & Dufresne, 1999), poly(methylmethacrylate)
(Liu, D., Zhong, Chang, Li, & Wu, 2010; Liu, H., Liu, Yao, & Wu,
2010), poly(lactic acid) (Bondeson & Oksman, 2007; Oksman,
Mathew, Bondeson, & Kvien, 2006; Petersson, Kvien, & Oksman,
2007), poly(caprolactone) (Habibi & Dufresne, 2008; Habibi et al.,
2008), poly(ethylene-co-vinyl acetate) (Chauve, Heux, Arouini,
& Mazeau, 2005), poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(Jiang, Morelius, Zhang, Wolcott, & Holbery, 2008; Ten, Turtle, Bahr,
Jiang, & Wolcott, 2010), epoxide (Ruiz, Cavaillé, Dufresne, Gérard,

& Graillat, 2000), cellulose acetate butyrate (Grunert & Winter,
2002; Petersson, Mathew, & Oksman, 2009), carboxymethyl cel-
lulose (Choi & Simonsen, 2006), polyurethane (Marcovich, Auad,
Bellesi, Nutt, & Aranguren, 2006), and waterborne polyurethane
(Cao, Habibi, & Lucia, 2009).

dx.doi.org/10.1016/j.carbpol.2010.10.047
http://www.sciencedirect.com/science/journal/01448617
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To realize their role in enhancing polymer composites, CN
ust be homogeneously dispersed in the polymeric matrix; how-

ver, due to their high surface area and hydrophilic nature, both
ntermolecular and intramolecular hydrogen bonding cause the
anocrystals to aggregate, resulting in inefficient compounding
ith most nonpolar thermoplastics (Azizi Samir, Alloin, et al., 2005;
zizi Samir, Chazeau, et al., 2005). Although some solvents, such
s N,N-dimethylformamide (DMF) with N atom on the structure,
an weaken the inter-chain bonding in cellulose to form a new
ydrogen bond structure, such as O–H· · ·N between the hydroxyl
roup on the cellulose and the N atom of the solvent molecules
Wu, Henriksson, Liu, & Berglund, 2007); these solvents (particu-
arly organic solvents) were very limited in terms of practicality.
o extend the applications for CN as nanofiller in composites, the
urface properties of nanocrystals should be transformed to inhibit
elf-aggregation and improve dispersion and interfacial adhesion in
arious polymeric matrices. Concurrently, during CN modification
he intrinsic structure of the nanocrystals, i.e. the original crys-
alline structure, should not be destroyed (Dufresne, 2006, 2008).

In this work, the surface of cellulose nanocrystals was chemi-
ally modified by acetic anhydride to provide acetylated cellulose
anocrystals (ACN). To best of our knowledge, this reaction has
ot been exploited for the modification of CN and has definitely
ot been compounded in PLA-based composites. It is hypothesized
hat acetylation will improve the dispersion of CN in organic sol-
ents. It is further hypothesized that the addition of ACN filler will
romote miscibility and interfacial adhesion with the polyester
atrix, ultimately enhancing mechanical performance and thermal

tability of the resultant composites. In this study, successful acety-
ation was confirmed by the results of Fourier transform infrared
pectroscopy (FTIR), and solid state 13C cross polarization-magic
ngle spinning (CP-MAS) NMR spectra (13C CP-MAS NMR). Main-
enance of the crystalline structure of ACN was revealed by X-ray
iffraction (XRD). The morphologies of both modified and unmodi-
ed nanocrystals were observed by means of transmission electron
icroscopy (TEM). Wettability experiments and contact angle
easurements were used to investigate changes in solubility and

urface properties of ACN. In addition, PLA/ACN nanocomposites
ere characterized using tensile measurements, dynamic mechan-

cal analysis (DMA), differential scanning calorimetry (DSC), XRD,
nd scanning electron microscopy (SEM). Finally, the roles of
anocrystals and interactions between the filler and matrix were
iscussed.

. Materials and methods

.1. Materials

Commercial poly(lactic acid) (PLA) pellets with the number-
verage molar weight and polydispersity of 8.1 × 104 Da and 1.80,
espectively, were purchased from Shenzhen Bright China Indus-
rial Co., Ltd. (Shenzhen, China). The linter was kindly supplied
y Hubei Chemical Fiber Group Co., Ltd. (Xiangfan, Hubei, China).
cetic anhydride was purchased from Xilong Chemical Industry Inc.
o. Ltd. (Shantou, China). Pyridine was dried and purified accord-

ng to standard procedures. Sulfuric acid (H2SO4), dichloromethane
CH2Cl2), acetone (C3H6O) and other analytical-grade reagents
ere purchased from Shanghai Sinopharm Chemical Reagent Co.,

td. (Shanghai, China) and used without further purification.
.2. Extraction of cellulose nanocrystals

Cellulose nanocrystals (CN) were prepared by H2SO4 hydroly-
is of native linter using the following method (Lin, Chen, Huang,
ufresne, & Chang, 2009): The linter (20.0 g) was dispersed in
ers 83 (2011) 1834–1842 1835

175 mL of 30% (v/v) aqueous H2SO4 and stirred constantly at
100 rpm for 6 h at 60 ◦C. Disordered or paracrystalline regions of cel-
lulose were preferentially hydrolyzed, whereas crystalline regions
that have a higher resistance to acid attack remained intact (Ruiz
et al., 2000). The resultant suspension was washed by successive
centrifugation with distilled water until approximate neutrality
was achieved. A small amount of ammonia (0.5 wt%) was added
to remove the sulfate groups from the CN surface. The suspension
was then dialyzed overnight against distilled water and finally, a
loose powder was obtained by freeze–drying the CN.

2.3. Acetylation of cellulose nanocrystals

Acetylation was performed with constant stirring under a nitro-
gen atmosphere in a three-necked round-bottomed flask equipped
with a condenser. A suspension of 1.0 g cellulose nanocrystals and
20 mL anhydrous pyridine was dispersed by 15 min of ultrasonic
treatment and then added to the flask. Chemical modification was
started by dropwise addition of a solution of 5 mL acetic anhydride
in anhydrous pyridine to the CN suspension. The reaction mixture
was kept at 80 ◦C and stirred at 400 rpm for 5 h. After the reac-
tion, the product was isolated by precipitation in 1.0 L of water and
washed three times with water; it was then purified by washing
with a solution of acetone/water which eliminated all non-bonded
chemicals (i.e., unreacted compounds and reaction by-products).
Finally, the acetylated cellulose nanocrystals, coded as ACN, were
oven-dried under vacuum at 60 ◦C for 12 h.

2.4. Preparation of the PLA nanocomposites filled with ACN

The desired amount of ACN was added along with 2.0 g of PLA
into CH2Cl2 with mechanical stirring to produce a mixture. The
mixture was then conditioned overnight to eliminate bubbles and
was then cast into a Teflon mold. The CH2Cl2 was allowed to evap-
orate off at ambient temperature (ca. 25 ◦C) for 24 h. Finally, the
solidified films, with a thickness of about 0.2 mm, were vacuum-
dried overnight, and then kept in a desiccator containing silica
gel. The resultant nanocomposite sheets were coded as PLA/ACN-1,
PLA/ACN-2, PLA/ACN-4, PLA/ACN-6, PLA/ACN-8 and PLA/ACN-10;
the Arabic numerals represented the theoretical ACN content in
the nanocomposites. A neat PLA film was also prepared according
to the aforementioned process without the addition of ACN, and it
was coded as PLA-F.

2.5. Characterization

2.5.1. Fourier transform infrared (FT-IR) spectroscopy
FTIR spectra of the powdered CN and ACN, as well as all

the nanocomposite sheets, were recoded on an FTIR 5700 spec-
trometer (Nicolet, Madison, WI). The powders were measured
using a KBr-pellet method in the range of 4000–400 cm−1,
and the nanocomposite sheets were scanned in the range of
4000–700 cm−1 using Smart OMNT reflection accessories.

2.5.2. X-ray diffraction analysis (XRD)
X-ray diffraction (XRD) measurements were performed on dry

powders of CN and ACN, as well as on all the nanocomposite sheets,
at ambient temperature on a D/max-2500 X-ray diffractometer
(Rigaku Denki, Tokyo, Japan) with Cu K�1 radiation (� = 0.154 nm)
in a range of 2� = 3–70◦ using a fixed time mode with a step interval
of 0.02◦.
2.5.3. 13C CP-MAS NMR Spectroscopy
Solid state 13C cross polarization-magic angle spinning (CP-

MAS) NMR spectra of CN and ACN were recorded at ambient
temperature on a Varian Infinity-Plus 300 NMR spectrometer, using
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Table 1
Contact angle (�), nonpolar component (�d

S ), polar component (�p
S ) and surface energy (�S) values of unmodified (CN) and acetylated cellulose nanocrystals (ACN).

Sample � (◦) �d
S

a (mJ m−2) �p
S (mJ m−2) �S (mJ m−2)

Water Diiodomethane Glycerol

CN 44.7 19.0 21.3 39.4 21.3 60.7
ACN 78.0 12.1 49.7 47.2 2.8 50.0
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a The surface tensions of three standard liquids were taken from the literatures (
re 72.8, 21.8 and 51.0 mJ m−2, respectively; the �L, �d

L and �p
L values of diiodometh

6.4 and 63.4 mJ m−2, respectively.

MAS rate of 6 kHz, at a frequency of 75.5 MHz for 13C NMR.
amples were packed in MAS 4-mm-diameter zirconia rotors. All
pectra were run for 3 h (3000 scans).

.5.4. Contact angle measurements
Contact angle measurements were performed at ambient tem-

erature using a dynamic drop tensiometer (DSA10, KRUSS,
ermany). The contact angle and drop volume were monitored as a

unction of time using WINDROP software. Three different liquids,
ith different dispersive and polar surface tensions, were used to
etermine the surface energy of CN. The drop volume was ca. 5 �L.
he powdered CN was compacted under a pressure of 20 MPa with
KBr press to obtain samples with smooth surfaces. Contact angle
easurements were carried out on CN before and after surface
odification.
The Owens–Wendt approach was used to relate the dispersive

nd polar contributions of the surface energies of the cellulose
anocrystal samples to the dispersive and polar contributions of
he surface tension of the liquids used, and to their equilibrium
ontact angle with the cellulose nanocrystals surface (where the
ork of adhesion is replaced by the Young equation):

L(1 + cos �) = 2
√

�d
L �d

S + 2
√

�p
L �p

S

The variables of � , �d, and �p represented the total, dispersive,
nd polar surface energies, respectively. Subscripts L and S refer to
he liquid drop (L) and the solid surface (S), and � denote the contact
ngle between the solid substrate and the liquid drop. The liquid
urface tensions were taken from the literatures (Adão, Saramago,

Fernandes, 1999; Michalski, Hardy, & Saramago, 1998) and are
isted in the Footnotes for Table 1, respectively.

.5.5. Transmission electron microscopy (TEM)
TEM observations were carried out on an H-7000FA electron

icroscope (Hitachi, Tokyo, Japan) at 75 kV. Very small amounts of
owdered CN and ACN were dispersed separately in distilled water,
nd then negatively stained with a 2% (w/v) ethanol solution of
ranyl acetate.

.5.6. Tensile measurements
The mechanical parameters, including tensile strength (�b),

longation at break (εb), and Young’s modulus (E), of all the
anocomposite sheets were measured on a CMT6503 universal
esting machine (SANS, Shenzhen, China) with a tensile rate of
0 mm min−1 according to ISO 527-3:1995(E). The testing sheets
ere cut into strips with a width of 10 mm and a distance of 30 mm

etween testing marks. The testing strips were kept at 35% humid-
ty for 7 days before measurement. A mean value of five replicates
rom each sheet was taken.
.5.7. Differential scanning calorimetry analysis (DSC)
DSC analysis was performed on a DSC-Q200 instrument (TA

nstruments, New Castle, Delaware, United States) under a nitro-
en atmosphere at a heating or cooling rate of 20 ◦C min−1. About
mg powdered CN and ACN were placed in hermetically sealed DSC
t al., 1999; Michalski et al., 1998) and are as follow: the �L, �d
L and values of water

e 50.8, 49.5 and 1.3 mJ m−2, respectively; the �L, �d
L and �p

L values of water are 37.0,

crimp pans, which were tested over a range of −100 to 350 ◦C. All
the nanocomposites were scanned over a range of −100 to 200 ◦C
after a pretreatment of heating from 20 to 100 ◦C and then cooling
to −100 ◦C to eliminate thermal history.

2.5.8. Dynamic mechanical analysis (DMA)
DMA was performed on a DMA 242C dynamic mechanical ana-

lyzer (Netzsch, Hanau, Germany) with a dual cantilever device at a
frequency of 3 Hz. The temperature range was from −100 to 200 ◦C
with a heating rate of 3 ◦C/min. The dimensions of the test speci-
mens (with a thickness of ca. 0.20 mm) were 30 mm × 10 mm.

2.5.9. Scanning electron microscopy (SEM)
SEM observations were carried out on an X-650 scanning

electron microscope (Hitachi, Tokyo, Japan). All the nanocompos-
ite sheets were frozen in liquid nitrogen and then immediately
snapped. The fracture surfaces of the sheets were sputtered with
gold and then observed and photographed.

3. Results and discussion

3.1. Acetylation of cellulose nanocrystals

3.1.1. Chemical modification of CN
The expected acetylation of cellulose nanocrystals is shown by

the chemical reaction scheme in Fig. 1A. Using FTIR spectroscopy,
this reaction was characterized by the appearance of a new peak
in the carbonyl area around 1746 cm−1 that was associated with
the formed ester group, shown in Fig. 1C. A new absorption band at
1240 cm-1 was assigned to the carbonyl C–O stretch vibration. Fur-
thermore, the intensity of peaks located at 3342 cm−1, assigned to
O–H stretching of the cellulose nanocrystal component, decreased
after the acetic anhydride chemical modification; successful acety-
lation of ACN was thereby indicated.

Acetylated cellulose nanocrystals were further characterized by
13C CP-MAS NMR spectroscopy (Fig. 1D). As in a previous report
(Attala, Gast, Sindorf, Bartuska, & Maciel, 1980), carbons of the
original CN were assigned as follows: C1 (105 ppm), C4 crystalline
(89 ppm), C4 amorphous (84 ppm), C2/C3/C5 (72 and 75 ppm), C6
crystalline (65 ppm), and C6 amorphous (63 ppm). With acetylation
there were two chemical shifts located at 172 and 20 ppm assigned,
respectively, to Ca (–C O) and Cb (–CH3) (shown in Fig. 1A) of the
acetyl group on ACN, which confirmed the successful modification
of CN.

3.1.2. Morphologies and crystalline properties of CN and ACN
TEM was used to investigate morphological changes of the

cellulose nanocrystals associated with the surface acetylation.
The ungrafted CN had a rodlike morphology with a length of
200–300 nm and a diameter of 10–20 nm, as shown in the TEM

image in Fig. 1B, as was also found in our previous report (Lin et al.,
2009). After acetylation of CN, it seemed that the rodlike shape
(shown in Fig. 1B) was preserved, but its size was slightly decreased.
In addition, the outline of the ACN was blurry, which may have
resulted from partial solubilization of the cellulose molecules dur-
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ig. 1. (A) Acetylation of CN by the chemical reaction between cellulose hydroxyl g
f unmodified CN and ACN; (D) 13C CP-MAS NMR spectra of unmodified CN and AC

ng acetylation. The intrinsic morphology and structure of the
anocrystals were however preserved.

The impact of chemical modification on the crystallite struc-
ure of the cellulose nanocrystals was further investigated using
RD analysis. The diffraction patterns for unmodified CN and ACN
re presented in Fig. 1E. The diffraction peaks of the 2� angles at
bout 22.6◦, 16.4◦, and 34.4◦ were assigned to the typical reflection
lanes of cellulose I, 0 0 2, 1 0 1, and 0 4 0 (Liu, D., et al., 2010; Liu, H.,
t al., 2010), respectively. Although the intensities of the 0 0 2 and
0 1 planes decreased slightly in ACN, crystalline characteristics

imilar to CN were still clearly present, indicating that the original
nner crystalline structure of the nanocrystals was maintained. This
hange is consistent with the TEM results.

.1.3. Wettability and polarity of CN and ACN
As mentioned above, CN without surface modification have

ntrinsically strong interactions and have been reported as notori-
usly difficult to disperse. The acetylation of CN markedly improved
heir dispersion in both water and organic solvents. CN and
CN were added at 2 wt% into six different solvents including
ater, dichloromethane, acetone, toluene, tetrahydrofuran (THF)

nd DMF. The suspensions of acetylated nanocrystals showed out-
tanding dispersion and stability in all the solvents (as shown in
igure S1 in the section of Supplementary Data); the unmodified CN
as inclined to self-aggregation and sedimented quickly to the bot-

om of the suspensions. The good dispersion of ACN in the various
olvents may be attributed to the weakening of intra- and inter-
olecular hydrogen bonding due to modification of the hydroxyl
roups on the surface of CN.
The transformation of the surface characteristics of CN and ACN

as further confirmed by the results of the contact angle measure-
ents. Table 1 summarizes the equilibrium contact angle for water,

iiodomethane and glycerol on CN and ACN. The dependencies of
and acetic anhydride; (B) TEM images of unmodified CN and ACN; (C) FTIR spectra
XRD patterns of CN and ACN.

contact angle, volume, and diameter of one drop of water upon
time were traced respectively (as shown in Figure S2 in the sec-
tion of Supplementary Data). Contact angle values and volumes of
the drop on ACN decreased slightly and equably with time due to
the spreading action, whereas the diameters of the drop increased
slightly. On the contrary, the volumes and diameters of the drop
on CN varied unsteadily with time, which may have resulted from
swelling of the hydrophilic CN. The different performances of the
change in dynamic contact angle on CN and ACN corroborate the
occurrence of chemical modification. Photographs of water drops
deposited on both unmodified CN and ACN surfaces (as shown in
Figure S2 in the section of Supplementary Data) illustrate that water
had a higher affinity for the surface of CN than ACN. Transforma-
tion of surface properties can also be deduced from the data in
Table 1. The –OH rich CN surface was more capable of establishing
hydrogen bonding with water and consequently resulted in lower
initial contact angle value. This is consistent with reported litera-
ture (Fabbri, Champon, Castellano, Belgacem, & Gandini, 2004; Zini,
Scandola, & Gatenholm, 2003). The ACN had a sharp increase in
�water from 44.7◦ to 78.0◦, and a decrease in �diiodomethane from 19.0◦

to 12.1◦ which indicated that chemical modification had induced
dramatic changes in surface polarity of the cellulose nanocrys-
tals. All the qualitative features were also observed when a drop
of diiodomethane, a nonpolar liquid, was deposited on the same
substrates. These observations were determined according to the
Owens–Wendt approach, by the values of the polar and disper-
sive contributions to the surface energy, as given in Table 1. With
the introduction of nonpolar groups to the surface of CN, the dis-

persive component evidently did not change, whereas the polar
one decreased considerably. The polar component (�S

p) in cellu-
lose nanocrystals decreased from 21.3 to 2.8 mJ m−2 and the total
surface energy (�S) also decreased, from 60.7 to 50.0 mJ m−2, which
can be attributed to the substitution of hydrophilic −OH by acetyl
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ig. 2. Effect of the ACN content on �b, εb, and E for PLA/ACN nanocomposites as
ell as the neat PLA-F sheet.

roups and to the formation of intramolecular hydrogen bonding of
he carbonyl groups. It should be pointed out that with the acety-
ation modification, transformation of the surface properties will
mprove the dispersion and interfacial adhesion of ACN in non-
olar polymeric matrices, such as PLA and natural rubber, and
ltimately tailor the performance of nanocomposites.

.1.4. Thermal properties of CN and ACN
A change in thermal properties after chemical modification of

ellulose nanocrystals was confirmed by DSC analysis (as shown
n Figure S3 in the section of Supplementary Data). As previously
eported, cellulose undergoes degradation between 200 and 300 ◦C
Wang, Ding, & Cheng, 2007; Xiao, Sun, & Sun, 2001). The decom-
osition temperature of ACN was ca. 15 ◦C higher than that of
nmodified CN, which can be attributed to the replacement of
urface hydroxyl groups with the more stable acetyl groups. This
roved that acetylation markedly elevated the thermal stability of
he original cellulose nanocrystals, an advantage for the improve-

ent of thermal performance of the nanocomposites. It should be
ointed out that the close decomposition temperatures of ACN and
N indicated that the chemical modification did not destroy the
rystalline structure of the original CN, which was in agreement
ith the results of XRD.

.2. Structure and properties of PLA/ACN nanocomposites

.2.1. Mechanical properties of nanocomposites
Acetylated cellulose nanocrystals were incorporated into a PLA

atrix, and Fig. 2 shows the effects of the ACN content on the
echanical parameters of the PLA/ACN nanocomposites includ-

ng tensile strength (�b), elongation at break (εb), and Young’s
odulus (E). The �b of the nanocomposites increased gradually
ith an increase in the ACN content, up to the 6 wt% load level

fter which it decreased. In this case, the �b of the PLA/ACN-6
heet reached a maximum value of 71.6 MPa, a 61.3% increase
ver the �b of the neat PLA-F sheet (44.4 MPa). All the PLA/ACN
anocomposites exhibited dramatically increased E values, and the
anocomposite with the highest loading level, PLA/ACN-10, had the

aximum E value of 1289.5 MPa, which was about 1.5-fold greater

han that of the neat PLA-F sheet. Meanwhile, the effect of changes
n the ACN content on εb was just the opposite of that on E, and

as attributed to the presence of rigid nanocrystals. The promi-
ent improvements observed in the ACN-filled PLA system may
ers 83 (2011) 1834–1842

be ascribed to the uniform distribution of ACN in the PLA matrix,
and to the strong interfacial adhesion between filler and matrix.
It was believed that with the addition of an appropriate amount
of nanofiller (such as 6 wt%), acetylation of the nanocrystals’ sur-
face would inhibit self-aggregation and promote the dispersion of
ACN. This would then serve as the stress–concentration point in the
PLA matrix and contribute to the reinforcement of �b. When excess
nanofiller was added, such as in PLA/ACN-8 and PLA/ACN-10, a rigid
network formed among the nanocrystals in the composites, which
greatly facilitated the enhancement of modulus; at the same time,
the appearance of the rigid network and self-aggregation may have
slightly damaged the original PLA polymer structure resulting in a
decrease in the strength and elongation of these two composites.
The prominent enhancement of strength as well as modulus, due to
the addition of rigid ACN, could contribute to extended applications
for PLA-based plastics.

3.2.2. Structural changes of nanocomposites
The XRD patterns for the PLA/ACN nanocomposites and the neat

PLA-F sheet are depicted in Fig. 3A. Neat PLA was mainly com-
prised of the amorphous polymer structure, and the crystalline
characteristic was ambiguous. Conversely, the ACN as nanofiller
still maintained a highly crystalline characteristic. With an increase
in loading level, the crystalline property of the cellulose nanocrys-
tals exhibited two distinct diffraction peaks located at about 16.4◦

and 22.6◦ of 2�. In particular, when enough ACN was introduced,
as in PLA/ACN-8 and PLA/ACN-10, the presence of ACN, and even
self-aggregated ACN, made the crystalline character assigned to the
cellulose nanocrystals in the nanocomposite system more clear and
definite.

Fig. 3B shows the full ATR-FTIR spectra of the PLA/ACN
nanocomposites and the neat PLA-F. All the PLA-based compos-
ites showed a peak, characteristic of an ester group, located
at ca. 1752 cm−1. The nanofiller loading levels and the interac-
tions between filler and matrix affected the distribution of –C O
in the ordered and amorphous regions of the nanocomposites.
Curve-fitting was used to divide the spectra of all the PLA-based
nanocomposites and the neat PLA-F (as shown in the legend of
Fig. 3B) from 1650 cm−1 to 1850 cm−1 into three peaks, i.e. Peak
I located at about 1774 cm−1 assigned to free –C O; Peak II located
at about 1753 cm-1 assigned to –C O in the amorphous region;
and Peak III located at about 1736 cm-1 assigned to –C O in the
ordered domain. Table 2 summarizes the detailed locations and
fractions of Peaks I, II and III for all the samples. As shown by the XRD
results, amorphous and free –C O components were in the major-
ity in neat PLA. With the introduction of low loading levels of ACN,
such as 1 wt% and 2 wt%, uniform dispersion of rigid nanocrystals
in the matrix inhibited the motion of polymer chains, and resulted
in a decrease of –C O in the amorphous fraction. The addition of
more ACN, such as 4 wt% and 6 wt%, induced disorder in the system.
Although the rigid nanocrystals still restricted the motion of free
–C O, the filler nanophase greatly affected the existence of –C O
in the ordered domain, and gradually decreased its fraction in the
system. With the incorporation of superfluous nanofillers, clusters
appeared due to self-aggregation of the ACN, and hence reduced the
filler’s effective active surface area available for interaction with the
PLA matrix. This strongly restricted the motion of –C O in both the
free domain and the amorphous region, and ultimately resulted in
an increase in the –C O fraction of the ordered domain.

3.2.3. Thermal properties of nanocomposites

DSC and DMA were used to further understand the interactions

between ACN and the PLA matrix, as well as structural changes
or crystalline properties of the PLA matrix and the distribution
of ACN, through the observation of variances in the domain-scale
glass transition, the melting transition, and the molecular-level
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ig. 3. (A) XRD patterns of PLA/ACN nanocomposites with various ACN contents, as
arious ACN contents and neat PLA-F sheet, as well as the curve-fitted FTIR spectra o
ree –C O;. . . . –C O in amorphous region; - . - . –C O in ordered domain).

-relaxation assigned to the PLA component. DSC thermograms
nd data for the glass transition temperature at midpoint (Tg,mid),
eat-capacity increment (�Cp), melting temperature (Tm), heat
f fusion (�Hm), and degree of crystallinity within the PLA frac-
ion (�c) of the nanocomposites are summarized in Table 3 (as

hown in Figure S4 in the section of Supplementary Data). When
he ACN content was less than 2 wt%, the rigid nanocrystals dis-
ersed homogeneously in the PLA matrix, and inhibited the motion
f components in the amorphous and free domains with the newly

able 2
ocation and fraction of curve-fitting peaks for –C O absorption in the FTIR spectra of th

Sample Peak Ia Peak II

Location (cm−1) Fraction (%) Location (c

PLA-F 1774.6 14.2 1753.6
PLA/ACN-1 1774.0 15.0 1753.3
PLA/ACN-2 1774.0 16.3 1753.3
PLA/ACN-4 1774.0 13.2 1753.0
PLA/ACN-6 1774.8 13.9 1753.3
PLA/ACN-8 1774.0 12.3 1753.8
PLA/ACN-10 1774.5 9.8 1752.7

a Peak I: free –C O; peak II: –C O in amorphous region; peak III: –C O in ordered dom

able 3
SC and DMA data of the PLA/ACN nanocomposites as well as the neat PLA-F sheet.

Sample DSC data DMA

Tg,mid (◦C) �Cp (J g−1 K−1) Tm (◦C) �Hm (J g−1) �c
a (%) T�,on

PLA-F 43.0 0.39 145.2 18.7 20.1 38.3
PLA/ACN-1 44.9 0.40 146.0 24.1 26.2 45.1
PLA/ACN-2 45.3 0.42 146.1 25.3 27.8 36.8
PLA/ACN-4 40.5 0.34 146.3 23.8 26.7 36.9
PLA/ACN-6 41.5 0.35 146.9 23.6 27.0 37.5
PLA/ACN-8 42.3 0.39 147.2 25.5 29.8 39.9
PLA/ACN-10 49.7 0.44 145.4 27.2 32.5 44.6

a �c = �Hm/ω�Hm
◦ , where �Hm

◦ = 93.0 J g−1, the heat of fusion 100% crystalline PLA (Ma
n the final product.
as the neat PLA-F sheet; (B) full ATR-FTIR spectra of PLA/ACN nanocomposites with
ACN-10 in the range of 1600–1800 cm−1 for reference. (–– Experimental curve;. . - . .

formed interactions between nanofiller and matrix. This restric-
tion caused a higher energy requirement for the transformation of
thermal behaviour of nanocomposites, ultimately resulting in an
increase in Tg,mid and �Cp. Meanwhile, at these low loading levels,
due to the nucleation of nanocrystals, the crystallinity of the com-

posites was elevated. Although the nanofillers still dispersed well in
the matrix and formed a strong interfacial adhesion with the matrix
with the introduction of 4 wt% and 6 wt% ACN, the presence of ACN
affected the interactions between the crystalline and amorphous

e PLA/ACN nanocomposites.

Peak III

m−1) Fraction (%) Location (cm−1) Fraction (%)

74.7 1736.9 11.1
67.8 1736.2 17.2
65.8 1736.7 17.9
70.4 1736.8 16.4
71.2 1736.5 14.9
69.9 1736.5 17.8
68.3 1736.4 21.9

ain.

data

set (◦C) log E’onset (MPa) T�1,max (◦C) Hloss-peak,1 T�2,max (◦C) Hloss-peak,2

3.35 47.1 0.32 65.1 0.44
3.32 48.0 0.29 65.1 0.71
3.40 45.3 0.29 65.1 0.37
3.31 54.3 0.26 64.1 0.30
3.35 55.2 0.31 63.9 0.31
3.40 49.2 0.35 65.8 0.39
3.42 48.1 0.20 66.2 0.47

rtin & Avérous, 2001), and ω is the weight fraction of the polymeric matrix material
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F
n

ig. 4. DMA thermograms of the log E′-temperature curve (A) and
an ı–temperature curve (B) for PLA/ACN nanocomposites with various ACN
ontents and the neat PLA-F for reference.
tructures resulting in decreased Tg,mid, �Cp and �c. However, the
ddition of superfluous ACN caused self-aggregation of nanofillers
nd again restrained the motion of the amorphous domain, and
nduced an increase in Tg,mid and �Cp. In addition, large numbers of

ig. 5. SEM images of the fracture surfaces of the nanocomposites PLA/ACN-1 (B), PLA/AC
eat PLA-F (A) for reference.
ers 83 (2011) 1834–1842

nanocrystals resulted in the dominance of the nucleation function
in the change of crystalline properties and elevated the crystallinity
of the composites.

Logarithmic curves of the storage modulus versus tempera-
ture (A) and the loss factor versus temperature (B) from DMA
are shown in Fig. 4. The associated �-relaxation (correspond-
ing to the glass transition), logarithm of storage modulus versus
temperature, and loss factor versus temperature from DMA are
summarized in Table 3. There was a marked drop in the storage
modulus (E′) of PLA-based nanocomposites at around 65–80 ◦C, as
also found in a previous report (Martin & Avérous, 2001), that was
attributed to the glass transition effects of the PLA component. It
was interesting to note that there were two relaxation temper-
atures at the loss peak (T�,max), located at about 50 ◦C and 65 ◦C
in the tan ı–temperature curves. The first temperature of T�1,max
was assigned to the true relaxation temperature of the amorphous
PLA component, whereas the second temperature of T�2,max was
assigned to the relaxation temperature of amorphous PLA com-
ponent adjacent with the crystalline PLA domains. The change
tendency of T�1,max was in agreement with the results of DSC,
namely that the relaxation temperature firstly increased to 55.2 ◦C
of PLA/ACN-6 nanocomposite, and then gradually decreased with
the increase of the ACN loading-level. The increase of the relax-
ation temperature of nanocomposites indicated that the addition
of a certain ACN nanoparticles might inhibit the motion of the PLA
segments in amorphous region.

3.2.4. Fracture morphologies of nanocomposites
Fig. 5 shows SEM images of the fracture morphologies of the

PLA/ACN nanocomposites. The neat PLA-F sheet (Fig. 5A) presented
a striated and smooth fractured surface. When the ACN loading
level was lower than 2 wt % the modified nanocrystals dispersed
homogeneously in the PLA matrix, as shown by the white dot
in Fig. 5B and C. With the addition of 4 wt % and 6 wt % ACN
(Fig. 5D and E), the nanocomposite fracture morphologies exhib-
ited slightly coarse surfaces and maintained a striation similar to
that of the neat PLA-F sheet. This indicated that when ACN appeared
in the increased contents, they still exhibited good miscibility with
did not destroy the original structure of the PLA component. How-
ever, with a continuous increase in the loading level of ACN (higher
than 8 wt %), some large conglomerations emerged and the com-
posites showed a relatively brittle characteristic, shown in Fig. 5F

N-2 (C), PLA/ACN-4 (D), PLA/ACN-6 (E), PLA/ACN-8 (F), PLA/ACN-10 (G) as well as
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nd G, which was attributed to self-aggregation of the superfluous
anofiller.

. Conclusions

The crystalline structure of cellulose nanocrystals was main-
ained after modification with acetic anhydride. With the
ubstitution of hydroxyl groups by acetyl groups on the CN surface,
cetylated cellulose nanocrystals exhibited improved dispersion in
ix common solvents, a decrease in surface polarity, and a higher
ecomposition temperature. When the ACN filler was introduced
t 6 wt % into the PLA-based polymeric matrix, the tensile strength
f the PLA/ACN-6 nanocomposite was enhanced by 61.3% and the
oung’s modulus was 1.5-fold greater than those of the neat PLA-F
heet. This was mainly attributed to the endurance of higher stress
f the rigid nanocrystals and the interfacial adhesion between filler
nd matrix. In the meantime, the addition of ACN improved the
hermal property of the nanocomposites. Additionally, because of
ucleation of the cellulose nanocrystals, the crystalline properties
f all nanocomposites were elevated. The superior reinforcing func-
ion of ACN derived from natural resources will expand the practical
pplication of PLA-based materials as replacements for traditional
etrochemical plastics.
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