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a  b  s  t  r  a  c  t

High  amylose  based  nanocomposites  plasticized  by  xylitol  were  prepared  via  twin-screw  extrusion.  The
synergistic  interaction  in  the xylitol-plasticized  nanocomposite  was  studied  via various  characteriza-
tion  methods  and  the unique  behavior  of  the  xylitol-plasticized  nanocomposite  had  been  discussed.  As
revealed  in  the  XRD  and  TEM  results,  good  intercalated/exfoliated  morphology  had  been  achieved  in
all  the  nanocomposites.  Furthermore,  the  expansion  of nanoclay  basal  spacing  was  related  to the  xyl-
eywords:
anocomposite
tarch
ylitol
RD

itol/nanoclay  ratio.  DSC  analysis  clearly  proved  the  unique  crystallization  process  of xylitol-plasticized
samples.  Moreover,  in  the  crystallization  domain  results,  two domains  sized  at  approximately  93.7 Å and
346 Å  were  found.  This  observation  points  to a two-level  complex  effect  from  two  aggregate  domains;
one,  the  re-aggregation  of certain  number  of  silicate  layers  into  domains  which  trap  some  of  the  amylose
polymer  chains,  and  two, the  bulk  drying  process  which  combines  smaller  amylose  crystalline  domains

s  hig
AXS
SC

within  a  larger  amorphou

. Introduction

Continuous interests have been drawn on the research related to
he starch-based bionanocomposites in response to the blooming
emands of material with tailored-properties (Kampeerapappun,
ht-ong, Pentrakoon, & Srikulkit, 2007; Qiao, Tang, & Sun, 2010;
him, 2011). Investigations on using nanoclay as the reinforcing
hase, on account of their very high aspect ratio (100) and versa-
ility (Rhim, Lee, & Hong, 2011; Wang, Zhang, Han, & Bai, 2009;
iong, Tang, Tang, & Zou, 2008) have been widely carried out

n the last decades. Most studies are focused on the examina-
ions of the properties, mechanisms, and aiming for fabrication
f properties-tailored materials via introducing different plasticiz-
rs (Averous, 2007; Follain, Joly, Dole, Roge, & Mathlouthi, 2006;
him, 2011) with the aim to manipulate the bulk properties of the
repared composites. The dominant factor pertain to its relevant
roperties is the synergistic interactions in terms of basal spac-

ng, crystallinity value, moisture content and hydrogen bonding
hanges among plasticizer/starch/nanoclay within the hydrophilic
ystem. In a polysaccharide-based polymeric system, hydrogen

ond is the most important bond and the interactions associated
ith it are complex and hardly well documented due to the intricate
ature of such macromolecules. Therefore, most studies target to
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alter or balance the OH related interaction from a molecular level,
such as incorporating different type (based on different affinity)
of smaller molecule hydrophilic plasticizer. As we have described
before (Chaudhary & Liu, 2012; Liu et al., 2012), all the mentioned
factors are believed to be of utmost importance in affecting and
determining the synergistic interactions in such hydrophilic poly-
meric network which are in turn reflected as the different reported
values in crystallinity, mechanical properties, and glass-transition
temperature for nanocomposite plasticized by different plasticiz-
ers in literatures (Tang & Alavi, 2011). Although many studies
had been published in the last few decades, a direct compari-
son of the various results in often difficult because most starch
biopolymer based systems are complex in nature due to their vary-
ing ratio of amylopectin and amylose, presence of plasticizer and
the processing conditions and water activity of the final product
tend to affect the characterization results. In such context, under
same processing condition, we  studied two different plasticizers
based on number of OH group (glycerol and sorbitol) to illustrate
the effect of the hydrophilicity, stereo-conformation, water activ-
ity on the final retrogradation behavior of the starch biopolymer
matrix (Liu, Chaudhary, Yusa, & Tadé, 2011b). Those studies high-
lighted the importance of the number of hydroxyl groups, molecule
size and the intrinsic properties of the plasticizer in manipulating
the synergistic interactions thereof (Chaudhary, 2010; Chaudhary,

Adhikari, & Kasapis, 2010; Liu, Chaudhary, Yusa, & Tadé, 2011a;
Liu et al., 2011b) which were reflected as bulk properties such
as crystallinity, glass-transition temperature and extent of ‘locked’
moisture as seen through bonding changes in FTIR spectra etc.

dx.doi.org/10.1016/j.carbpol.2013.05.034
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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Table 1
Basal spacing, characteristic nanoclay peak position (Pclay), crystallinity, glass-transition temperature (Tg) and melting temperature (Tm) for xylitol-plasticized nanocomposites.

Sample ID PSb X200b X400b X105 X115 X210 X220 X305 X315 X410 X420

Xc
a (%) 7.48 8.23 12.5 7.05 11.4 13.4 11.26 9.7 9.34 10.09 9.01

Tg (◦C) 49.5 60.17 68.95 55.7 49.6 56.25 39.7 58.5 50.6 50.0 48.6
Tm (◦C) 128.5 124.43 120.55 218 204 233 237 133 213 153 246
Pclay (o) 5.09 4.73 5.03 4.83 5.2 4.72 4.92 5.02
d-Spacing (Å) – 16.5 18.2 17.3 18.7 17.6 18.3 17.0 18.7 17.9 17.6
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Crystallinity calculated from the method described in Lopez-Rubio et al. (2008).
Reproduced from Liu et al. (2011b).

In this study, to further understand the impact of type of plas-
icizer on the properties of nanocomposites, a five OH group
lasticizer, xylitol, is investigated. Comprehensive characteriza-
ion works were carried out including XRD, DSC and synchrotron

easurements. Particular attentions were paid to distinguish-
ng the behavior of xylitol-plasticized bionanocomposites in this
tudy, when compared to the glycerol and/or sorbitol plasticized
anocomposites (based on our previous publications).

. Materials and method

.1. Materials, nomenclature and processing

High-Amylose starch (about 70% amylose), HA-starch, was
urchased from National Starch Company (NJ, USA), xylitol was
btained from Food Dept Ltd. (Melbourne, Australia) and nanoclay
99.5% pure) was generously supplied by NichePlas Ltd. (Sydney,
ustralia). 11 samples were prepared at different ratio of nan-
clay/xylitol concentration. Each formulation was presented as a
abel such as X105, where ‘X’ refers to the plasticizer type (xylitol,
n the current work), the first digit, ‘1’, refers to the nanoclay con-
ent in weight percent (e.g., 1 wt% in X105) and the last two  digits
05’ refer to the weight percent of xylitol within the sample. The
ample nomenclatures are listed in Table 1, where PS refers to the
A-starch sample.

.2. Characterization

.2.1. X-ray diffraction
XRD measurements of the prepared samples were performed in

 Bruker Discover 8 diffractometer operating at 40 kV and 40 mA
ith a 2� range from 3◦ to 30◦ at a scanning rate of 0.5◦/s. The basal

pacing of the nanoclay was determined from the Bragg’s equation,
=2dsin � (where � is the diffraction position and � is the wave-

ength). The d-spacing for the pristine nanoclay used in the current
tudy is 11.7 Å as provided by the supplier.

.2.2. Transmission electron microscopy
TEM was performed on ultrathin sections, 150 nm in thick-

ess, at JEM-2100 microscope (JEOL, Tokyo, Japan), operating at
n accelerating voltage of 200 kV. The representative samples were
ectioned at room temperature with diamond knife using a Leica
ltramicrotome (EM UC7, Tokyo, Japan). The obtained sections
ere sandwiched between two 400-mesh copper grids for TEM

bservation.

.2.3. Measurement of glass transition temprature (Tg)
DSC measurement was performed on SEIKO 6200 (Seiko, Japan).

bout 10 mg  sample was placed in an aluminum sealed sample pan.

he sample was heated from −50 ◦C to 250 ◦C at a heating rate of
◦C/min, kept at 250 ◦C for 1 min  followed by cooling down to 25 ◦C
t 10 ◦C/min. The glass transition temperature (Tg) was taken as the
nflection point of the increment of specific heat capacity. Melting
emperature was  recorded for analysis as well.
2.2.4. Synchrotron measurements
Synchrotron beamline BL40B2 (Inoue, Oka, Miura, & Yagi, 2004)

at SPring-8 synchrotron facility (Hyogo, Japan) was used to char-
acterize the prepared samples via Small Angle X-ray Scattering
technique (SAXS). One aluminum filter block was employed to
decrease the strength of the X-ray so as to obtain an optimized pat-
tern. The beam was  monochromatized to a wavelength of 0.1 nm
with an object distance of 1151.76 mm.  All patterns were recorded
on a CCD camera that was  calibrated by the diffraction rings from an
AgBH (silver behenate) reference sample. The measurement time
per sample was  chosen to eliminate the radiation damage on the
tested samples, which was subsequently determined to be 10 s. The
diffraction profiles were normalized to the beam intensity and cor-
rected using an empty background. The data reduction of the 2-D
X-ray scattering patterns was  completed with NIKA macros (Ilavsky
& Jemian, 2009) based on Igor 6.02 (Wavemetrics, Lake Oswego,
Oregon).

Using the low Q region from the SAXS data, valuable information
on the size distribution of crystalline fractions within the polymer
could be determined. The Maximum Entropy Method (MEM) devel-
oped by Potton, Daniell, and Rainford (1988) for Irena modeling
macros (Ilavsky & Jemian, 2009) was  employed to understand and
quantify the crystalline domain morphologies within the polymer
system (Potton et al., 1988).

3. Result and discussion

3.1. XRD results

The XRD patterns for the prepared samples, in Fig. 1(a), showed
that the basal spacing (d-spacing) of all the samples increased to dif-
ferent extents regardless of the nanoclay content. The basal spacing
value also suggested that starch and/or xylitol molecules had suc-
cessfully migrated into the gallery of nanoclay. Meanwhile, the TEM
images for the representative samples (X210 and X420) are shown
in Fig. 1 which indicated that most of the samples achieved mixed
morphologies (intercalated/exfoliated co-existed).

It could be also read from Table 1 that, when the nanoclay con-
centration is fixed, the d-spacing value increased upon increasing
the xylitol content, except the 4% nanoclay sample where dX420
(17.6 Å) is slightly smaller than dX410 (17.9 Å). There is no obvious
trend that could be found when comparing the sample with differ-
ent concentration of nanoclay for same xylitol concentration, and
this is different to what was  reported in the glycerol/sorbitol plasti-
cized samples where a positive trend between increase in nanoclay
concentration and increases in the d-spacing can be seen (Liu et al.,
2011a, 2011b).

The MMT  characteristic peak occurred in all the samples with
xylitol concentration less than 10% (X105, X210, X305 and X410).
This observation was different to what was found in the glycerol-

and sorbitol-plasticized samples (Liu et al., 2011a, 2011b), where
such peak broadening occurred in the 5% plasticizer loading sam-
ples only. In other words, more xylitol (10% compared to 5% in
glycerol/sorbitol samples) is required to achieve the same amount
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ig. 1. (a) WAXD diffractograms for xylitol–plasticized samples; where the dotted
ine indicated the position of clay peak in the XRD curve (b) TEM images for X210
nd X420.

f well-formed crystal structure (sharp peak) arrangement as
bserved from the XRD measurement. When compared to glyc-
rol behavior, this suggested that xylitol hinders the formation of
rystal structure with xylitol/MMT/amylose at low plasticizer con-
entration. In other words, when the xylitol amount is less than
0%, the nucleation is relatively more heterogeneous as reflected
s the broaden peak in the corresponding samples. However, when
he concentration is greater than 10%wt, the XRD data can be
nterpreted which indicates that relatively greater uniformity in
he crystal structure existed in xylitol-plasticized systems com-
ared to that from glycerol/sorbitol sample at same plasticizer

evel. We  think that one reason behind this is the strong plasti-
izer/plasticizer interaction of xylitol which enhanced the extent
f nanoclay intercalation with the amylose polymer and thus sus-
ained uniform crystal growth. This is further discussed in the
rystallization section.

Furthermore, as shown in Table 1, the basal spacing for differ-
nt samples is overall larger than that from glycerol-plasticized
anocomposites but smaller than sorbitol-plasticized sample. Such
esults clearly indicated that the expansion degree of the nan-
clay gallery is related to the size of the plasticizer incorporated
n the complex system. In other words, the d-spacing was primar-
ly determined from the molecular size of the plasticizer. This is
onsistent with the findings in our previous publications on the
lycerol/sorbitol plasticizer nanocomposites.

.2. Crystallinity analysis

The crystallinity results of the prepared samples showed some

ery interesting results, especially for the application of flexible and
lear packaging materials. The composites crystallinity was deter-
ined from the XRD patterns based on the method introduced in

he previous publication (Lopez-Rubio, Flanagan, Gilbert, & Gidley,
 Polymers 98 (2013) 391– 396 393

2008), the results are shown in Table 1, standard deviations for
crystallinity calculations are within ±1%. There are two main fac-
tors affecting the crystallinity (Xc%) of the composites, they are
nanoclay and plasticizer concentrations and it is well known that
increasing nanoclay concentration enhances polymer crystallinity
due to its typical nucleation effect, whereas increasing the amount
of plasticizer decreased overall crystalline structure through typical
plasticization.

The native crystallinity obtained for high amylose starch is
around 10%, and we have reported in our earlier work that our
samples of high amylose starch from corn showed around 8%
bulk crystallinity (Liu et al., 2011b). It has also been reported that
crystallinity values are extremely important to understand starch
retrogradation, where the bulk crystallinity can increase up to 20%.
As shown in Table 1, the incorporation of nanoclay tends to increase
the crystallinity slightly, primarily due to the nucleating effect.
However, it is also well known that not only nanoclay, which is
very important for enhanced physical/barrier properties, plasticiz-
ers are needed to improve the flexibility and optical clarity of the
amylose polymer (in the form of thin films), but higher nanoclay
concentration possess a dispersion issue and higher plasticizer con-
centration increases the retrogradation behavior. Therefore, it is
very interesting to observe that as we increased the nanoclay and
xylitol concentration, their interplay and their interactions with the
amylose polymer balanced the bulk crystallinity. It was  also found
that the crystallinity values of xylitol-plasticized sample were sig-
nificantly higher than that from glycerol/sorbitol-plasticized ones.

This finding is very important for the application of such
biopolymer nanocomposites in the field of packaging because the
two observations regarding nanoclay characteristic peak occurred
at higher xylitol concentration (higher than 10%) and overall
higher and stable crystallinity values of the nanocomposites sug-
gested that the xylitol-plasticized system increases the threshold
crystallinity of the bulk matrix, and prevents further polymer reor-
ganization and thus starch retrogradation.

3.3. Avrami equation analyses based on DSC-crystallization
mechanism

As widely known, in polymer–clay systems, the endotherm
peak can provide information on the crystalline phases in the
nanocomposites when the clay platelets have nano-scale inter-
actions. To gain an improved understanding of these interactions
on the bionanocomposites’ crystallization behavior, the crystalliza-
tion process was modeled as a combination of several infinitesimal
isothermal steps (Lee et al., 1999). The Avrami equation (Eq. (1)),
which is widely applied in investigating crystallization behaviors
of polymer systems (Lee et al., 1999), was employed to study
the non-isothermal crystallization kinetics of the prepared bio-
nanocomposites

Xt =
∫ t

t0

dHc
dt dt

∫ t∞
t0

dHc
dt dt

(1)

All the curves had a partial sigmoid shape, and the analysis of
the development of relative crystallinity could be obtained using
Xt = 1 − exp(−ktn). A plot of log[−ln(1 − Xt)] vs. log(t) could provide
n, the value depending upon the mechanics of nucleation and the
form of crystal growth, and k, a rate constant containing the nuclea-
tion and growth parameters. The exponent n and the factor k from
Avrami equation analyses are presented in Table 2.

The n values for the composite samples increased with increas-

ing the xylitol c% at each fixed MMT  amount; same finding was
observed with increasing MMT  amount at fixed xylitol concentra-
tion. Because a lower n (composites) compared to n (PS) indicated
the more heterogeneous nucleation. It could be read that, the n
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Table 2
The exponent n and the factor k obtained from a non-isothermal crystallization
analysis for nanocomposite samples plasticized by xylitol.

Sample ID X105 X115 X210 X220 X305 X315 X410 X420
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n 0.62 0.73 0.52 1.50 0.71 1.42 1.11 1.61
k  −1.21 −2.4 −1.69 −1.32 −1.26 −2.38 −2.91 −1.12

alue for <10% xylitol samples are overall smaller (more hetero-
eneous nucleation) than that for the >10% xylitol samples. This
utually support the finding from XRD that <10% xylitol samples

howed broaden peak in XRD pattern (corroborate with the finding
ore heterogeneous nucleation). Furthermore, clearly, the increas-

ng of MMT  amount led to an increased in n value which means the
ucleation process is becoming relatively homogenous (higher n
alue in high MMT  samples). This observation could be explained
ased on the well-known nucleation effect of MMT  which is becom-

ng the dominant role in a MMT-rich scenario which balanced
he competitive nucleation effect from xylitol and led to relatively
omogenous nucleation process. On the other hand, the next factor

 (related to the rate of crystal growth), which showed a large vari-
tion. The high xylitol samples showed an overall lower value than
hat from the low xylitol samples regardless the amount of MMT
resented.

.4. Synchrotron results

Specific models have been developed for SAXS data analysis in
ifferent characteristic systems (Roe, 2000). The background of the
ample holder was subtracted from the raw 2-D X-ray diffraction
atterns for representative composites, as shown in Fig. 2.

As shown in Fig. 2 the scattering patterns (shape and the inten-
ity) of different samples were greatly influenced by varying the
oading of nanoclay and/or xylitol. The shape of the scattering
attern changed from approximately circular (X105) to obviously
lliptical (X410), which reflected the growth of lamellar struc-
ure/crystalline domains within the composites. The SAXS profiles
or the obtained samples are shown in Fig. 3.

From Fig. 3, the sharp d001 in high xylitol content (15% and
0% xylitol) samples strongly indicated a closely packed struc-

ure of polymer-MMT and polymer-xylitol assemblages. In other
ords, 10% xylitol acted like the critical point in determining the
orphologies of corresponding nanocomposites which is mutu-

lly agree with the suggestion from XRD analysis where only broad

Fig. 3. SAXS Profiles for xylit
Fig. 2. Raw 2-D SAXS patterns for X105/X305 and X210/X410.

peaks were observed in samples containing less than 10% xylitol.
Samples with xylitol content larger than 10% tended to show a
overall tighter molecular packing within the polymeric network
regardless the nanoclay loading. Furthermore, it has been sug-
gested that a closely packed starch network was  an indication of
lower polymer chain mobility (Vodovotz & Chinachoti, 1998). This
could be linked back to the high Tm values observed for the high
xylitol samples where high xylitol samples showed higher Tm value
compared with that from low xylitol samples.
3.5. Size distribution of the crystalline domains

Two domains were observed in all samples, where the diame-
ters of scatters were denoted as d̄1 (around 104.1 Å) and d̄2 (around

ol-plasticized samples.
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Table 3
Radius values (Å) from size distribution calculated by MEM  method forxylitol-
plasticized low moisture content samples.

Sample ID d̄1
a (Å) d̄2

a (Å)

X105 119.3 357.7
X115 99.7 341.3
X210 98.3 364.1
X220 95.1 345.1
X305 104.2 350.1
X315 101.6 336.2
X410 106.3 348.1
X420 102.3 338.6
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d̄: mean scatter diameter (Å).

50.5 Å), Table 3. This finding initiated the assumption that, the
nteraction in this complex polymeric system could be considered
s a two scale interaction which led to two different crystalline
omains at two different size (d̄1 and d̄2). Firstly, the smaller molec-
lar components (xylitol/MMT) start to form crystals at a smaller
ize d̄1 (around 100 Å), after that, the dominate rearrangement of
tarch chains at a larger-scale promoted the formation of the second
arger size crystalline domain d̄2.

As shown in Table 3, the mean scatter diameter for d̄1 ranged
rom 95.3 Å to 119.4 Å and the crystal size increased as increasing
he MMT  concentration except in 1% MMT  samples. This indi-
ated that the crystallize domain size is primarily depended on
he MMT  amount, where larger MMT  amount led to slightly big-
er crystalline size during the first stage of crystallization process
d̄1) where the smaller molecular components (xylitol/MMT) start
o form crystals at a smaller size. We  can relate this to the find-
ng from XRD and TEM that the higher degree of intercalation are
ound when increasing the MMT  concentration. Higher degree of
ntercalation is resulted from the enhanced the MMT/xylitol inter-
ction. On the other hand, the enhanced MMT/xylitol interaction
ould in turn slightly increase the size of the crystal assemblage
s well as shown in Table 3. Furthermore, when increasing the
ylitol amount at a fixed MMT%, the MMT/xylitol interactions
ight led to the formation of smaller crystalline domains due

o the nucleating effect of MMT.  Additionally, this was  reflected
n the reduced scatter diameter with changing xylitol concentra-
ions.

It had been reported that the formation of another larger size
omains could be correlated to the well-defined retrogradation
henomenon, where the rearrangement of amylose chains at a

arger-scale becomes a dominant process during aging (Farhat,
lanshard, & Mitchell, 2000). As showed in Table 3, d̄2 value
possibly the rearrangement of the starch polymer chains) is
ffected by the amount of MMT  and xylitol, where increasing
MT% decreased the d̄2 value to different extent. Meanwhile,

ncreasing xylitol amount at a fixed MMT%  decreased the d̄2
alue as well. Further, the presence of MMT  provides local sites
or polymer aggregation and leads to the formation of larger
omains. In other words, emergence of the larger crystalline
omain is the combined effect of, first the re-aggregation of certain
umber of silicate layers in to ordered domains during drying
Jasmund & Lagaly, 1993) and second, the retrogradation of the
igh-amylose starch polymer which caused the reorganization of
he polymer chains. This is well comply with the hypothesis put
orwarded earlier that the interactions in this complex system
hould be treated as a two-level process. Such observations sug-
ested that the crystallization domain formation in the complex

ernary system is system-specific progress that as a result of the
nterplay of the two-way interactions such as starch/plasticizer,
tarch/MMT, MMT/plasticizer and the interactions within the same
omponent.
 Polymers 98 (2013) 391– 396 395

4. Conclusion

The synergistic interaction in the xylitol-plasticized nanocom-
posite was  studied via various characterization methods and the
unique behavior of the xylitol-plasticized nanocomposite had been
discussed. Based on the results from XRD, it could be concluded that
the achievable basal spacing of nanoclay was primarily determined
from the molecular size of the plasticizer. Compared to the glycerol
and sorbitol plasticized samples, the two  observations (high Xc%
and broadening of XRD patterns at higher xylitol loading) strongly
suggested that in xylitol-plasticized system, the form of crystal
were likely to be slower (broadened XRD pattern) due to the com-
petitive nucleation effect from both xylitol and MMT, but the total
amount of crystal, higher Xc% values.

Compared to glycerol/sorbitol plasticized samples, as revealed
from the DSC results, starch/xylitol/nanoclay nanocomposite
tended to from a firmer polymeric network in terms of molecu-
lar mobility within the system. Amylose starch chains in xylitol
plasticized samples required larger amount of energy before get-
ting mobilized when compared to the glycerol/sorbitol samples.
Two domains sized at approximately 104.1 Å and 354.62 Å were
found. These observations resulted from the combined effect of the
re-aggregation of certain number of silicate layers in to ordered
domains during drying and the retrogradation behavior of the high-
amylose starch polymer.
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