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a b s t r a c t

A comparative performance study of cellulose whiskers (CW) and starch nanoparticles (SN) on plasti-
cized starch (PS) reinforcement has been presented. In order to study the involved surface phenomena,
CW and SN were extracted through acid hydrolysis using sulfuric acid to fulfill the similar surface
groups and interactions. CW-filled and SN-filled nanocomposites were then prepared with relatively
identical process to alleviate the effect of fabrication method for better comparison of CW and SN perfor-
mance on PS reinforcement. Morphology of nanoparticles and their dispersion state in the corresponding
lasticized starch
einforcement
ellulose whiskers
tarch nanoparticles
urface phenomenon
ranscrystallization

nanocomposites were investigated by transmission electron microscopy and field emission scanning
electron microscopy, respectively. X-ray diffraction was used for crystallography of nanocomposites
and established the transcrystallization only in CW-filled nanocomposites. Nanocomposites comprising
quasi-spherical SNs showed higher reinforcement in dynamic mechanical tests compared to the corre-
sponding nanocomposites containing rod-like CWs, which were attributed to more efficient filler/filler
and filler/matrix interactions originated from hydrogen bonding in SN-filled nanocomposites.
. Introduction

Starch is produced by most green plants as an energy store
nd is the most common carbohydrate in human diets and ani-
al foods (Le Corre, Bras, & Dufresne, 2010). This biopolymer has

lso found many important industrial applications and accordingly
uge amount of production. Bio-based and biodegradable prod-
cts from starch have raised a tremendous level of attention in
he recent years, since sustainable development policies tend to
xpand with the decreasing reserve of fossil fuel and the grow-
ng concern for the environment (Angles & Dufresne, 2001). In
he molecular level, starch is a heterogeneous material with two
rchitectures. Amylose is a linear structure of �-1,4 linked glucose
nits, while amylopectin is a highly branched structure of short
-1,4 chains linked by �-1,6 bonds (Yao, Zhang, & Ding, 2002).
ative starch is biosynthesized in the form of semi-crystalline gran-
les made of these two components. Semi-crystalline structure
f granules originates from amylopectin chains in double heli-
al configurations (Wang & Copeland, 2013). Starch is not really
thermoplastic but can be converted to a continuous entan-
led polymeric phase with the aid of water or a nonaqueous
lasticizer such as glycerol. Hence, the obtained material can
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be processed by technologies developed for synthetic polymers
(Angellier, Molina-Boisseau, Lebrun, & Dufresne, 2005). In prac-
tice, plasticized starch (PS) shows a limited physical performance
(Teixeira et al., 2009), so must be reinforced to achieve satis-
factory mechanical properties. Various methods that have been
used to reinforce PS can be categorized in three main categories:
(1) chemical treatment of starch molecule (Avérous, 2004; Cao &
Zhang, 2005a, 2005b), (2) mixing PS with other natural or syn-
thetic polymers (Arvanitoyannis, Biliaderis, Ogawa, & Kawasaki,
1998; Avérous, 2004) and (3) using various natural and mineral
reinforcers.

Mineral fillers such as talc (Bhatnagar & Hanna, 1996), kaolin (de
Carvalho, Curvelo, & Agnelli, 2001) and clay (Wilhelm, Sierakowski,
Souza, & Wypych, 2003) and natural reinforcers including plant
fibers from different sources (Curvelo, de Carvalho, & Agnelli,
2001), cellulose microfibers (Chen, Cao, Chang, & Huneault, 2008;
Dufresne & Vignon, 1998), cellulose whiskers (CWs) (Cao, Chen,
Chang, Muir, & Falk, 2008; Teixeira et al., 2009) and starch nanopar-
ticles (SNs) (Angellier, Molina-Boisseau, Dole, & Dufresne, 2006;
Viguié, Molina-Boisseau, & Dufresne, 2007) were utilized to rein-
force PS up to now. Retaining PS biodegradability and exploiting
nanoparticle exclusive properties (such as high modulus and high
surface/weight ratio) have increasingly promoted the usage of nat-

ural nano-reinforcers in the recent years (Angles & Dufresne, 2001).
In addition, chemical similarity of matrix and reinforcer leads to
an efficient interface and facilitate stress transfer from matrix
to the reinforcer, which improves the final performance of the
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omposite (Viguié et al., 2007). Therefore, due to the chemical
imilarity of CWs and SNs with starch based matrix, they have
een suggested as promising candidates for PS reinforcement. One
f the first studies in PS reinforcement by CWs was reported by
ngles and Dufresne (2000, 2001). They showed that due to the
ccumulation of PS plasticizers on the nanoparticle surfaces, starch
olecular movements are facilitated and crystallization of starch

hains on the CW surfaces (transcrystallization) occurs. The forma-
ion of this soft interphase has been shown to disturb the stress
ransfer from matrix to fibers and interfere with inter-whisker
ydrogen bonding, which leads to decreased final mechanical per-

ormance of the nanocomposite (Angles & Dufresne, 2000, 2001).
n another study, Teixeira et al. (2009) used cassava bagasse cel-
ulose nanofibrils to reinforce PS and attributed the deficiency of
anoparticles in expected improvement of mechanical properties
o transcrystallization. Angellier et al. (2006) studied the reinforce-

ent of waxy maize starch with nanoparticles extracted from the
ame material. They investigated various factors including glyc-
rol and filler content and aging in different relative humidity
n PS mechanical properties. They ascribed the reinforcing effect
f nanoparticles to powerful particle/particle and particle/matrix
nteractions arose from the hydrogen bonding. Viguié et al. (2007)
tudied the impact of waxy corn SNs on waxy corn PS mechanical
roperties. They reported 22 times increase in matrix tensile mod-
lus after inclusion of 25 weight percent (wt%) of reinforcer, which
as correlated with the powerful interface as a result of hydro-

en bondings. García, Ribba, Dufresne, Aranguren, and Goyanes
2009) evaluated the effect of waxy corn SNs in the reinforce-

ent of cassava PS. They related 380% increase of rubbery storage
odulus in the presence of 2.5 wt% of SNs to the powerful hydro-

en bonding between matrix and particles and among particles
hemselves. Le Corre et al. (2010), comparing CWs and SNs in PS
einforcement, indicated that the positive impact of SNs in the PS
echanical behavior is more significant than that of CWs. This

esult is surprising since CWs appear as rod like nanoparticles
ith the high aspect ratio that should provide a higher reinforc-

ng capability than quasi-spherical starch particles (Angellier et al.,
006). This apparent controversy reveals the need for more pre-
ise investigation of the involved factors in reinforcement of PS
anocomposites.

Ishida and Bussi (1991) and recently Li and Yan (2011)
ave reviewed literatures about transcrystallization in the pres-
nce of micro- and nano-scale fibers. They mentioned some
actors include similarity in chemical structure and crystalline
etwork of fiber and matrix as the main factors in this phe-
omenon. Generally, macroscopic properties of starch based
anocomposites are related to reinforcer aspect ratio, fabrica-
ion method and filler/filler and filler/matrix interactions (Samir,
lloin, & Dufresne, 2005). Accordingly, similar fabrication pro-
edure can help the precise evaluation of two other remaining
actors.

Owing to structural similarity with the matrix, cellulose
hiskers and starch nanoparticles have been chosen for PS rein-

orcement in the current research. CWs and SNs were extracted
hrough acid hydrolysis using sulfuric acid to fulfill the similar sur-
ace groups and interactions among nanoparticles and also with
he matrix. CW-filled and SN-filled nanocomposites were then pre-
ared with relatively identical process in order to alleviate the
ffect of fabrication method for better evaluation of CWs and SNs
erformance and the involving surface phenomena on PS reinforce-
ent. After morphological investigation and crystallography of

anocomposites, their reinforcement efficiency were investigated

y dynamic mechanical thermal analysis (DMTA), and then effi-
iency of nanoparticles on PS reinforcement was scrutinized based
n particle/particle and particle/matrix interactions and surface
henomena.
te Polymers 106 (2014) 432–439 433

2. Materials and methods

2.1. Materials

Food-grade wheat starch (from Kerman, Iran) containing about
27% amylose and hygiene cotton fibers were used in this study.
Glycerol (98%) and sulfuric acid (98%) were supplied by Dr. Mojallali
Chemical Company.

2.2. Cellulose whisker extraction

CWs were extracted from cotton fibers by Roohani et al. (2008)
method. Firstly, 5 g cotton fibers were finely chopped. Chopped
fibers were then added to 64 wt% sulfuric acid aqueous solution
(fibers per solution ratio 1/20). Acid hydrolysis of cotton fibers were
carried out at 45 ◦C under vigorous mechanical stirring (700 rpm)
for 45 min. Then, the ensuing suspension was diluted with cold dis-
tilled water and neutralized by centrifugation and dialysis against
distilled water. After dialysis, the suspension pH reached 6–7. In
order to achieve individual particles, the resulting suspension was
submitted to an ultrasonic treatment for 10 min in an ice bath.
For the direct use in the nanocomposite preparation, resulting
suspension was concentrated to more than 5 wt% in a moderate
temperature under slow stirring and was stored in the refrigerator.
The concentration of suspension was precisely measured by com-
pletely drying a certain amount of it (5 g) and calculating the weight
difference before and after drying.

2.3. Starch nanoparticle extraction

SNs were extracted from wheat starch based on Angellier,
Choisnard, Molina-Boisseau, Ozil, and Dufresne (2004) method.
Briefly described, 36.725 g starch was mixed with 250 ml of 3.16 M
aqueous solution of sulfuric acid and stirred vigorously (400 rpm)
for 5 days at 40 ◦C. The resultant suspension was then diluted with
cold distilled water and neutralized by centrifugation and dialysis
against distilled water. After dialysis, the suspension pH reached
5–7. In order to achieve individual particles, the resulting suspen-
sion was submitted to an ultrasonic treatment for 5 min in an ice
bath. For the direct use in the nanocomposite preparation, resultant
suspension was concentrated to more than 5 wt% in a moderate
temperature under slow stirring and was stored in the refrigerator.
The concentration of suspension was precisely measured by com-
pletely drying a certain amount of it (5 g) and calculating the weight
difference before and after drying.

2.4. Starch matrix preparation

To prepare the matrix, 3 g starch was first dispersed in the mix-
ture of 1.5 g glycerol and 25.5 g distilled water. The gelatinization
was performed in a 100 m two-necked glass reactor under vigorous
stirring (200 rpm) at 120 ◦C for 30 min. After mixing, the resulting
suspension was casted in a glass Petri dish and dried in a vacuum
oven at 50 ◦C for 24 h.

2.5. Nanocomposite preparation method

PS nanocomposites containing 10, 15 and 20 wt% of nanopar-
ticles based on the total weight of starch and glycerol (Nanopar-
ticle/starch + glycerol) were prepared according to the following
procedures.
2.5.1. Cellulose whisker-filled nanocomposites
Cellulose whisker suspension containing predetermined

amount of particles was diluted until its water content reached
25.5 g. To ensure the homogeneity, suspension was submitted to
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Fig. 1. Transmission electron

n ultrasonic treatment for 2 min in an ice bath. Then, 3 g starch
as mixed with 1.5 g glycerol and the homogenized whisker

uspension. In all samples the starch, glycerol and water contents
ere fixed at 3 g, 1.5 g and 25.5 g, respectively. The resulting
aste was then transferred to 100 ml two-necked glass reactor
nd vigorously stirred (200 rpm) for 30 min in 120 ◦C oil bath.
fterward, the suspension was casted in a glass Petri dish and
ried in a vacuum oven at 50 ◦C for 24 h.

.5.2. Starch nanoparticle-filled nanocomposites
The preparation of SN-filled nanocomposite must be carried out

n two steps in order to inhibit the gelatinization of starch nanopar-
icles. At the first step, 3 g starch was dispersed in the mixture of
.5 g glycerol and 25.5 g distilled water. The obtained paste was
hen transferred to a 100 ml two-necked glass reactor and vig-
rously stirred (200 rpm) for 20 min in 120 ◦C oil bath. Complete
elatinization of starch was confirmed by the disappearance of
hosts within the starch gel using optical microscopy, Fig. A1 of
upplementary data. Subsequently, the oil bath was cooled to 40 ◦C
under the gelatinization temperature of starch) and the suspen-
ion of starch nanoparticles was added in the appropriate amount
ithout further dilution to prevent plenty amount of excess water

nd prolongation of the drying step. In all samples the starch and
lycerol contents were fixed at 3 g and 1.5 g, respectively. The mix-
ure was then stirred for 10 min before casting in a glass Petri dish
nd dried in vacuum oven at 50 ◦C for 24 h.

.6. Transmission electron microscopy (TEM)

Transmission electron microscopy was performed to confirm
anoparticle extraction and to investigate their morphology. In
his regards, a droplet of nanoparticle suspensions (0.3 wt% for CW
nd 0.05 wt% for SN) was deposited on a carbon coated steel grid.
EM images were obtained by a Philips CM 120 transmission elec-
ron microscope with an acceleration voltage of 120 kV. CellProfiler
mage analyzing software was used to measure the particle size.

.7. Field emission scanning electron microscopy (FESEM)

To investigate the morphology of the nanocomposites, field
mission scanning electron microscopy was performed on
anocomposites with a Hitachi S4160 instrument using 5 kV sec-
ndary electrons. The specimens were frozen under liquid nitrogen,
hen fractured, mounted, coated with gold and observed.

.8. Wide angle X-ray diffraction (WAXRD)
The X-ray diffraction patterns were studied for crystallography
f nanocomposite using a diffractometer with CuK�1 X-ray source
nd wavelength of 1.5406 Å operating at 40 kV and 30 mA radiation
graph of (a) CWs and (b) SNs.

(Inel EQUINOX 3000). Scattered filament current was detected in
the range of 2� = 5–40◦, at a speed of 2◦/min.

2.9. Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical measurements were performed in order
to characterize the thermomechanical behavior of these systems.
DMTA tests were carried out with a Netzsch 242C DMTA instru-
ment, using a single cantilever bending method. The dynamic
storage modulus (E′) and damping factor (tan ı) were measured
as a function of temperature from −120 ◦C to 140 ◦C, at a constant
heating rate of 5 ◦C/min and a frequency of 1 Hz.

3. Results and discussion

3.1. Morphological characterization of nanoparticles and
nanocomposites

Transmission electron micrographs of CWs are presented in
Fig. 1a. The suspension was constituted of individual cellulose
whiskers with length (L) of 87 ± 28 nm, and diameter (d) of
15 ± 3 nm. The average aspect ratio (L/d) of whiskers is therefore
obtained as 6 ± 2.

Scanning electron micrographs of CW-filled nanocomposites
are shown in Fig. 2. In the nanocomposite images the presence of
whiskers in the form of shiny white dots is obvious. These shiny
dots are cross section of CWs and show an appropriate dispersion of
nanoparticles in the matrix. Their measured diameters were around
70 nm that was much higher than real diameter of whiskers. Due to
the negative surface charges of CWs and their rigid high crystalline
nature, the aggregation cannot occur among them even within the
collisions during the nanocomposite preparation. The negative sur-
face charges originated from SO3

− generation during the sulfuric
acid hydrolysis. Various factors such as non-circular cross section
of fibers or charge concentration effect (Angles & Dufresne, 2000)
due to emergence of whiskers from the observed surface may cause
such a controversy.

Transmission electron micrograph of starch nanoparticles is dis-
played in Fig. 1b. Quasi-spherical SNs have an average size around
100 nm and form aggregates of 1–3 �m, showing very close resem-
blance to the morphological characteristics previously reported for
wheat starch nanoparticles (Le Corre, Bras, & Dufresne, 2011). The
uneven surface of nanoparticles may be because of the defects in
their crystalline structure.

In scanning electron micrographs of SN-filled nanocomposite,
nanoparticles are observed as white dots (Fig. 3). These images

show relatively appropriate dispersion of nanoparticles in the
matrix. The particle diameter was measured around 200–700 nm,
which is much higher than single particle diameter. Agglomera-
tion of few particles (2–4) and charge concentration effect due to
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Fig. 2. Scanning electron micrographs of CW-filled nanocompo

he emergence of particles from the observed surface may have
his consequence. Unlike CWs, SNs are not rigid particles due to
he low crystallinity and can partially merge into each other during
ollision in a high temperature process.

.2. Wide angle X-ray diffraction (WAXRD)

Diffractogram of neat PS is presented in Fig. 4a. Peaks in 2� 5.51◦,
7.2◦ and 22.3◦ are characteristics of B type starch crystals (Angles
Dufresne, 2000; Cao et al., 2008) and a tiny peak in range of

8◦–19.5◦ is ascribed to Vh type starch crystals originated from the
mylose-lipid complex (Buléon, Colonna, Planchot, & Ball, 1998).
Diffractograms of CW-filled nanocomposites, neat matrix and
W are shown in Fig. 4b. Peaks in 2� 15◦, 16.5◦ and 22.8◦ in CW
iffractogram establish the I cellulose structure (Lewin & Roldan,
975). Diffractograms of nanocomposites comprising SNs, neat

Fig. 3. Scanning electron micrographs of SN-filled nanocomposites c
ontaining (a) 0 wt%, (b) 10 wt%, (c) 15 wt% and (d) 20 wt% CWs.

matrix and SN are also presented in Fig. 4c. Displaying the diffrac-
tion pattern of both A type starch crystals with strong reflections
at 2� 15.1◦, 17.2◦, 18.1◦ and 23.2◦ and B type starch crystals in SN
diffractogram establish the coincidence of both A- and B-type or
C-type crystal pattern.

In Fig. 4b, increase in peak amplitudes is noticeable in the range
of CW diffraction peaks in nanocomposite diffractograms. Such
observation is expected due to the increase in whisker content in
the matrix, but since no peak is distinguished in diffraction pat-
tern of the matrix and particles in 2� = 25.5◦ the presence of a peak
in this 2� must be attributed to the transcrystallization of starch
chains on the CW surfaces (Angles & Dufresne, 2000; Teixeira et al.,

2009). During the extraction process, the nanoparticle surfaces
become negatively charged as a result of hydroxyl group esterifica-
tion of cellulose or starch molecules by sulfate ions. Consequently,
PS plasticizers (glycerol and water) present more affinity to the

ontaining (a) 0 wt%, (b) 10 wt%, (c) 15 wt% and (d) 20 wt% SNs.
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phenomenon should result in an increase of Tg. Another explana-
tion could be the transcrystallization phenomenon that could result
in a restricted mobility of amorphous starch chains in the vicinity of
the crystallite-coated filler surface, because crystalline domains of

Table 1
Glass transition temperatures associated with the transitions of glycerol-rich (Tg,1)
and starch-rich (Tg,2) domains of nanocomposites.

Filler wt (%) Tg.1 (◦C) Tg.2 (◦C)

CW 0 −37.5 43.5
10 −45 48
15 −38.5 52
20 −36.5 87
ig. 4. Diffractograms of (a) neat PS, (b) CW-filled nanocomposites, neat matrix and
arts of this figure has different scales.

W surfaces than nanocomposite matrix (Angles & Dufresne, 2000;
eixeira et al., 2009), so they migrate, accumulate and facilitate
he chain movements in the interface regions. Additionally, near-
erfect crystalline structure of CWs provides an efficient nucleating
gent for transcrystallization (Angles & Dufresne, 2000). Such as
he neat matrix, a tiny peak in range of 2� 18◦–19.5◦ in nanocom-
osite diffractograms can be ascribed to Vh type starch crystals
riginated from the amylose-lipid complexes. Orientated crystal-
ization of amylose from a solution on cellulose was previously
eported in the literature (Helbert & Chanzy, 1994). In SN-filled
anocomposites, amplification of peaks in the range of SN diffrac-
ion peaks is also obvious with the increase in nanoparticle content.
onetheless, no additional peak emerges in diffraction patterns of
anocomposites (Fig. 3c). Consequently, it can be concluded that
ranscrystallization does not occur in SN-filled nanocomposites. In
he case of SN-filled nanocomposites the migration of main plas-
icizers toward the filler/matrix interface is also expectable due
o the negative surface charges, but the migrated plasticizers can
e absorbed into amorphous regions of nanoparticles. Accordingly,
he regional plasticization of starch chain in vicinity of SNs can-
ot occur. In addition, the uneven surface and defects in crystalline
tructure of SNs may disturb their role as the crystal nuclei.

.3. Dynamic mechanical behavior

DMTA results showed the success in PS reinforcement with CWs
nd SNs (cf. Figs. 5a and 6a). Fig. 5a presents the storage modu-
us of CW-filled nanocomposite as a function of temperature. As
hown, two decaying steps in curves establish the presence of
wo distinguishable phases in the nanocomposites. For the films
hat contained CWs, the magnitude of two-step modulus drop is
trongly reduced. Starting points of the curves were transferred
o 1 GPa. This is justified by the fact that in this temperature
ange the difference between the elastic modulus of the cellulose
hiskers and that of the starch matrix was not high enough to eas-

ly appreciate reinforcing effect. Besides, it can minimize the errors
f dimension measurements of the specimens (Angles & Dufresne,
001; Viguié et al., 2007).

For investigation of biphasic behavior and glass transitions
f systems, damping factor (tan ı) against temperature curves of

W-filled nanocomposites are presented in Fig. 5b. These curves
bviously confirm the biphasic nature of the nanocomposites. The
artial phase separation of glycerol and starch during the film dry-

ng makes two phases. Although, lower Tg was attributed to the
nd (c) SN-filled nanocomposites, neat matrix and SN. Vertical axis of (a), (b) and (c)

glycerol-rich phase, the starch-rich phase has higher glass transi-
tion temperature (Angles & Dufresne, 2000).

When the filler content increases, the temperature position
of the low-temperature transition (˛1), remains roughly constant
whereas the increase in temperature position of high-temperature
transition (˛2), is pronounced. The apparent unalteration of the Tg

evolution of the glycerol-rich fraction in the presence of CWs results
most probably from the fact that these domains occur as inclu-
sions in the continuous phase constituted of starch-rich domains.
Therefore, the CWs are most probably in direct contact with starch-
rich domains rather than glycerol-rich domains when dispersed in
the plasticized starch matrix (Angles & Dufresne, 2000), Fig. A2 of
supplementary data. The increase in temperature position of ˛2
relaxation in 10 and 15 wt% CW-filled nanocomposites was rela-
tively low (4.5 ◦C and 8.5 ◦C, respectively) but in the case of 20 wt%
filled sample was quite significant and about 43.5 ◦C (Table 1). Three
phenomena could explain the increase of Tg in starch-rich domains
in the presence of CWs. The first one is the likely strong affin-
ity of starch molecules with the reactive cellulose surface due to
the high density of hydroxyl groups in both of them. This cou-
pling effect could result in a restricted molecular mobility of starch
molecules in contact with the whisker surfaces that could be strong
enough to affect the global flexibility of the starch matrix. The sec-
ond explanation could be the partial migration of glycerol toward
the filler/matrix interface due to the higher affinity for the CW
surface than for the starch-based matrix. A migration of the main
plasticizer from the starch-rich domains could result, decreasing
the plasticizing efficiency of the glycerol for the starch matrix. This
SN 0 −37.5 43.5
10 −36.5 15
15 −38 59
20 −37.5 62
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Fig. 5. (a) Storage modulus and (b) damping factor o

tarch act as physical cross-links (Angles & Dufresne, 2000). Accord-
ngly, it is expected that with an increase in CW content and active
urfaces in the matrix, ˛2 transition shifts to higher temperatures
Angles & Dufresne, 2001). The relatively great shift in tempera-
ure position of ˛2 in 20 wt% filled case could have one another
eason. In this highly filled sample CWs can make a percolated
etwork in the matrix (percolation threshold of CWs with aspect
atio 6 is about 16 wt%; Samir et al., 2005). Migration of plasticizer
oward the filler/PS interface, however, leading to the formation
f a soft interphase around the fillers and interfere with develop-
ent of a powerful percolated network but this loose network can

artially restrict mobility of starch chains (Fig. A2 of supplemen-
ary data). This further restriction can cause the substantial shift
n temperature position of ˛2 in the most concentrated case. The

agnitude of both relaxations decreases as the whiskers content
ncreases. This phenomenon is ascribed to both the decrease of the
elaxing entities participating in the relaxation process and to the
oncomitant lowering of the modulus drop up on whiskers addition
Angles & Dufresne, 2001) (Fig. 5b). The percolated network in the

ost concentrated case leading to the substantial lowering of sec-
nd modulus drop also caused the more pronounced magnitude
ecrease of ˛2 relaxation. The ˛2 relaxation peaks were broader
han those of ˛1 relaxation. This dynamic heterogeneity occurs due
o the different behaviors of main relaxation of linear or branched
tarch chains with various lengths which are partially involved in
rystals or hydrogen interactions with CW surfaces. But in the case

f glycerol-rich phase lack of theses interactions leads to a more
niform dynamic behavior and a narrow damping peak.

The effect of SNs on PS reinforcement is also obvious (Fig. 6a).
or the films comprising SNs, the magnitude of the two-step

Fig. 6. (a) Storage modulus and (b) damping factor of SN-
-filled nanocomposite as a function of temperature.

modulus drop is significantly reduced. The starting points of the
curves were transferred to 1 GPa. This is also justified by the fact
that the reinforcing effect of SNs in this temperature range should
be low. Besides, it can minimize the errors of dimension mea-
surements of the soft specimens (Angles & Dufresne, 2001; Viguié
et al., 2007). Two decaying steps in storage modulus of SN-filled
nanocomposites reveal the biphasic nature of these systems.

Damping factor of SN-filled nanocomposites also confirms the
partial phase separation of starch and glycerol leading to coexis-
tence of two phases (Fig. 6b). It is observed that the Tg associated
with the glass transition of glycerol-rich domains (Tg.1) remains
roughly constant regardless the SNs content. It can be concluded
that the fillers are not in direct contact with the glycerol-rich
domains. On the contrary, when the SN content increases the Tg

associated with the glass transition of starch-rich domains (Tg.2)
is found to decrease at first and then increase (Table 1). The ini-
tial decrease of Tg.2 in presence of 10 wt% SNs could be explained
with the plasticization effect of filler under percolation thresh-
old (percolation threshold of SNs is about 10 wt%; Angellier et al.,
2006) leading to enhanced mobility of starch chain (Liu, Zhong,
Chang, Li, & Wu, 2010). The average radius of gyration of wheat
starch molecules is about 170 nm (Aberle & Burchard, 1997) which
is bigger than the average size of SNs (∼100 nm). Consequently,
the starch particles can increase the interchain distances and facil-
itate molecular motions, but CWs with the diameter around 15 nm
cannot cause this effect. The increase of Tg.2 in higher SN contents

is an indication that the percolated network of fillers can hin-
der the molecular mobility of starch chains. It is most probably
ascribed to a direct contact between the starch-rich domains of
the matrix and SNs, and to strong filler/filler and filler/matrix

filled nanocomposite as a function of temperature.
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Fig. 7. Performance comparison of CWs and SNs in PS reinforcement in various temperatures (a) −50 ◦C, (b) 0 ◦C. (c) 50 ◦C and (d) 100 ◦C. Weight fractions were calculated
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nteractions due to the hydrogen bondings (Angellier et al., 2006).
t is expected that the glycerol partially migrate into the surface
f starch nanoparticles and absorb in their amorphous regions.
migration of the main plasticizer from the starch-rich domains

ould result, decreasing the plasticizing efficiency of the glycerol for
he starch matrix. It could be another explanation for the increase
f starch-rich phase glass transition. Decrease in the magnitude
f both relaxations up on SNs addition was considerable and was
ainly due to the magnitude diminution of the two-step modu-

us drop (Fig. 6a) and decrease of the proportions of both glycerol
nd starch as the participants to the relaxations (Fig. 6b) (Viguié
t al., 2007). The concomitant lowering of the modulus drops up
n SNs addition is more conspicuous. Consequently, the magni-
ude diminution of both relaxations was more considerable in
N-filled nanocomposites. The high-temperature relaxation peaks
n these nanocomposites are narrower than those of CW-filled
anocomposites (Fig. 5b and 6b). Efficient filler/matrix interac-
ions (in absence of migrated glycerol layer) due to the powerful
ydrogen bonding in SN-filled nanocomposites interfere with main
elaxation of starch molecules in starch-rich phase and make the
ore uniform material dynamic behavior which leads to narrower

amping peak.
For better efficiency comparison of CWs and SNs in the PS
einforcement, the evolution of logarithm of normalized storage
odulus was evaluated in four temperatures (Fig. 7). In this regard,

he experimental values of matrix and nanocomposites storage
odulus (E′

C and E′
m) were considered.
This result is surprising since CWs appear as rod like nanopar-
ticles with a restively high aspect ratio that should result in a
higher reinforcing capability than quasi-spherical starch nanopar-
ticles (Angellier et al., 2006). On the other hand, even in the
highest CW concentration in which loose percolated network may
form; CW-filled nanocomposites do not present a high mechan-
ical performance. With the increase in temperature up to low-
and high-temperature transitions of nanocomposites the reinforce-
ment efficiency of both nanoparticles increases but for SNs it is
more pronounced (Fig. 7a–d). The deficiency of CWs in PS reinforce-
ment may be due to migration of glycerol toward the filler/matrix
interface leading to the formation of a soft interphase around the
fillers which interfere with development of a powerful percolated
network. As a result, the main effect of rod like particles is practi-
cally omitted. Besides, this migration facilitates the crystallization
of starch chains on CW surfaces. Transcrystals cannot preserve high
amount of plasticizer, so glycerol leaks throughout the chains dur-
ing the crystallization and add to the glycerol-rich layer in the
vicinity of whiskers. The presence of this layer immediately after
the rigid rod like CWs can absolutely disturb the stress transfer
from matrix to fillers (Fig. A2 of supplementary data). On the other
hand, SNs can absorb the migrated glycerol into their amorphous
regions. Furthermore, uneven surface and defects in crystalline

structure of SNs interfere with nucleation role of these nanoparti-
cles and prevent the transcrystallization (Fig. A2 of supplementary
data). Therefore they can form a stiff percolated network due to
powerful hydrogen bonding leading to the higher performance
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n PS reinforcement. The schematic drawing of nanocomposite
icrostructures are presented in Fig. A2 of supplementary data.

. Conclusions

In this study cellulose whiskers and starch nanoparticles were
xtracted trough acid hydrolysis using sulfuric acid to fulfill the
imilar surface groups and interactions among nanoparticles and
lso with the matrix. CW-filled and SN-filled nanocomposites were
hen prepared with relatively identical process in order to alle-
iate the effect of fabrication method for better comparison of
Ws and SNs performance on the PS reinforcement. Crystallogra-
hy of nanocomposites, however, showed the presence of a new
iffraction peak in 2� = 25.5◦ in CW-filled nanocomposites, con-
rmed no new diffraction peak in SN-filled nanocomposites. This
ew diffraction peak in CW-filled nanocomposites was attributed
o transcrystallization of starch chains on whisker surfaces. The
omparison of dynamic mechanical behavior of nanocomposites
ontaining these two nanoparticles showed noticeable differences.
ince the matrixes of nanocomposites were the same, these dif-
erences were ascribed to various filler/filler and filler/matrix
nteractions and different surface phenomena. Accumulation of

igrated plasticizers toward the interface and transcrystalliza-
ion in CW-filled nanocomposites disturb the stress transfer from

atrix to fillers and prevent the percolation of fillers in the matrix.
n the other hand, hydrogen bondings in the absence of plasti-
izer layer and transcrystals cause more efficient filler/filler and
ller/matrix interactions in case of SN-filled nanocomposite. In
ddition, in these nanocomposites percolation of nanoparticles
ould happen. These differences surprisingly make SNs more effi-
ient in PS reinforcement than CWs.
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