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Novel bionanocomposites based on halloysite nanotubes as nanofillers and plasticized starch as polymeric
matrix were successfully prepared by melt-extrusion for the first time. Both modified and non modified
halloysites were added at different weight contents. The structural, morphological, thermal and mechan-
ical properties of plasticized starch/halloysites nanocomposites were investigated. Melt-compounding
appears to be a suitable process to uniformly disperse nanotubes in the plasticized starch matrix. Interac-
tions between plasticized starch and halloysites in the nanocomposites and microstructure modifications
were monitored using Fourier transfer infrared spectroscopy, X-ray diffraction and dynamic mechanical
analysis. Addition of halloysite nanotubes slightly enhances the thermal stability of starch (onset tem-
perature of degradation delayed to higher temperatures). The tensile mechanical properties of starch are
also significantly improved (up to +144% for Young’s modulus and up to +29% for strength) upon addition
of both modified and unmodified halloysites, interestingly without loss of ductility. Modified halloysites
lead to significantly higher Young’s modulus than unmodified halloysites.
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1. Introduction

In recent years, the development of new biopolymers obtained
from renewable resources has been driven by the necessity to
limit the carbon footprint of polymeric materials. In this context,
the usage of starch in non-food applications is known to be of an
unprecedented interest. Starch is a complex polysaccharide mainly
composed of linear amylose and non-linear amylopectin. The amy-
lose and amylopectin represent approximately 98-99% of the dry
weight. The ratio of the two polysaccharides varies according to the
botanical origin of the starch. The waxy starch contains less than 1%
amylose, normal starch contains 18-33% of amylose and high amy-
lose starch contains as much as 70% of amylose (Buléon, Colonna,
Planchota, & Ballb, 1998). The moisture content air-equilibrated
starch ranges from about 10-12% (starch from the cereal) to about
14-18% (starch from some roots and tubers) (Tester, Karkalasa, &
Qi, 2004). Amylose is defined as a linear chain of (1—4)-a-linkages
to D-glucose with some molecules slightly branched by (1—6)-
a-linkages. Amylopectin is composed of short-chain molecule,
forming a tree. Its structure is highly branched, built of about
95% of (1—4)-a-linkage and 5% (1— 6)-a-linkages. The association
of amylose and amylopectin, in the native state, gives a semi-
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crystalline structure (15-45%). The crystallinity of native starch
can be observed using polarized light microscopy when a Maltese
cross is seen. Depending on the botanical origin of starch, differ-
ent structures are distinguished by X-ray diffraction namely A,
B and C-type crystalline structures (Van Soest, Benes, & De Wit,
1996).

Unfortunately, native starch is brittle and its mechanical prop-
erties are very poor (Freire, Podczeck, Veiga, & Sousa, 2009; Garcia,
Fam4, Dufresne, Aranguren, & Goyanes, 2009). In the absence of
water, thermal degradation occurs below the glass transition tem-
perature (Chivrac, Pollet, & Avérous, 2009). Therefore, native starch
must be plasticized before processing and moulding. After plasti-
cization, three different crystal structures (namely V-, Vy- and
Ey-types) can be observed depending on processing (Van Soest,
Hulleman, De Wit, & Vliegenthart, 1996). The manufacturing of
starch-based polymers then becomes economically viable and can
be achieved using traditional plastics processing technologies such
as extrusion, injection-moulding, compression and film casting
(Liu, Xie, Yu, Chen, & Li, 2009; Mondragén, Hernandez, Rivera-
Armenta, & Rodriguez-Gonzalez, 2009; Xie, Chang, Wang, Yu, & Ma,
2011). The continuous and cost effective hot melt-extrusion pro-
cess is however usually preferred, because of greater disruption of
starch structure (Yu & Christie, 2001). Nevertheless, due to its poor
mechanical properties and moisture sensitivity, plasticized starch
cannot compete with petroleum based polymers yet. To overcome
these issues, plasticized starch can be reinforced by fillers, lead-
ing to the formation of a composite material (Chung et al., 2010;
Soulestin, Prashantha, Lacrampe, & Krawczak, 2011). A new class of
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composite materials, namely nanocomposites, based on nano-sized
fillers such as carbon nanotubes and nanoclay (especially montmo-
rillonite) has been recently investigated. Due to high aspect ratio
and geometry of these nanofillers, drastic modifications may be
expected in plasticized starch (Chivrac et al., 2009; Soulestin et al.,
2011).

Halloysite nanotubes have recently become the subject of
research attention as a new type of a nanofiller for enhancing
the mechanical (Ismail, Pasbakhsh, Fauzi, & Abu Bakar, 2008;
Prashantha, Lacrampe, & Krawczak, 2011; Prashantha, Schmitt,
Lacrampe, & Krawczak, 2011), thermal (Ismail et al., 2008; Xie
et al,, 2011) and fire retardant (Marney, Ruisell, & Wu, 2008) per-
formance, and the degree of crystallinity (Prashantha, Schmitt,
etal, 2011; Szczygielska & Kijenski, 2011; Xie et al., 2011) of ther-
moplastic polymers. Halloysite is an aluminosilicate, chemically
similar to kaolin, mined from natural deposits and formed from
amorphous allophone by long time weathering (Levis & Deasy,
2002). According to their origin, halloysites can be found in differ-
ent forms such as short tubes, large tubes and spheroids (Joussein
et al., 2005). Common halloysites used for polymer reinforcement
are in form of fine, tubular structures of 300-1500 nm length,
15-100nm inner diameter and 40-120nm outer diameter (Du,
Guo, & Jia, 2010). Halloysites are made of layers separated by a
monolayer of water molecules. X-ray diffraction allows two forms
of halloysites to be distinguished. Hydrated and dehydrated hal-
loysites have a basal (dggq) spacing of 10A and 7 A, respectively.
The chemical formula of halloysite is Al;Si; 05(0OH)4-n(H,0) with n
equal to 0 and 2 for hydrated and dehydrated halloysites, respec-
tively. A partially hydrated form can be observed; in this case, a
diffuse peak appears between 7 A and 10 A (Levis & Deasy, 2002).
As the inter-layer water is weakly attached, hydrated halloysite
can be irreversibly transformed into the dehydrated form by sim-
ple heating at a temperature below 110 °C. Halloysite layers can be
represented by a superposition of a sheet of gibbsite (octahedral of
alumina bonded to hydroxyl groups) and a siloxane sheet (tetrahe-
dral of silica bonded to oxygen ions) (Nicolini, Fukamachi, Wypych,
& Mangrich, 2009). Tubes are formed by the rolling of two layered
aluminosilicate kaolin due to the strain caused by lattice mismatch
between the adjacent sheets of silicon dioxide and aluminium oxide
(Hope & Kittrick, 1964). Therefore, there are two types of hydroxyl
groups, internal groups being located between the layers and exter-
nal groups being located on the surface. Compared with others
silicates such a kaolinite and montmorollinite, the density of sur-
face hydroxyl groups of halloysites is much smaller. Therefore by
the combination between a high aspect ratio and a low density of
surface hydroxyl group, halloysites nanotubes are very promising
as reinforcing fillers for polymer materials (Du et al., 2010).

Recently, plasticized starch/halloysite nanocomposites were
prepared by solvent casting (He et al., 2012; Xie et al., 2011),
which is not very practical in polymer processing industries.
Melt-extrusion would be more productive and efficient in indus-
trial workshops. However, to the best of our knowledge, detailed
investigations on the melt-compounding and the characterization
of plasticized starch/halloysites nanocomposites have not been
reported in the literature yet. Therefore, the present study aims at
developing plasticized starch/halloysites nanocomposite prepared
by direct melt-blending. The structural and mechanical properties
of the obtained nanocomposites will be assessed as a function of
the halloysites content and surface treatment.

2. Experimental

2.1. Materials

Wheat starch (Roquette, France) was used in this study. In
order to limit fluctuations in water content, it was stored at 23 °C

with 50% relative humidity (RH). In these conditions, the native
starch contains 12% of the original moisture. The non-volatile
plasticizer was glycerol (99% purity) (Sigma-Aldrich, France). The
lubricant was glycerol monostearate (Mosselman, Belgium). The
fillers were unmodified halloysites nanotubes (HNT) and qua-
ternary ammonium salt with benzoalkonium chloride treated
halloysite nanotubes (MHNT) (Natural Nano Inc., USA). The hal-
losites used have a density of 2.5 g/cm? and a tubular structure with
100-120 nm outer diameter, 60-80 nm inner diameter and lengths
typically ranging from about 500 nm to over 1.2 wm. Before pro-
cessing, fillers were dried in an oven at 80°C for 12 h in order to
eliminate moisture.

2.2. Preparation of nanocomposites

Plasticized starch/halloysites nanocomposites were produced
in two steps. At first, 75 wt% native starch, 24 wt% glycerol, 1 wt%
glycerol monostearate and required amount of halloysites were
physically blended in a mechanical mixer for 3 h at room tempera-
ture. Then, these mixtures were processed in a twin-screw extruder
(Haake Rheomex PTW 16 OS, Thermo Scientific, Germany) at a
screw speed of 60 rpm. The screw diameter was 16 mm and the
screw ratio L/D 40. The temperature setting from the hopper to the
die was 110-115-120°C. Nanocomposites containing 2, 4, 6 and
8 wt% nanotubes were compounded (designated as GSx% for HNTs
and GSMx% for MHNTS, x taking the value 2, 4, 6 or 8 accordingly).

After pelletizing and conditioning at 23°C and 50% HR dur-
ing 24 h, all materials were injection-moulded (Babyplast 6/10P,
Cronoplast, Italy) into a standard test specimen for tensile and
dynamic mechanical analysis. The typical injection-moulding con-
ditions were the following: temperature profile setting from 145
to 150 °C, flow rate of 1.3 cm3s~!, holding pressure of 50 bars, and
cooling time of 10s.

Before testing, all samples were stored in controlled humidity
chamber for four weeks at 23 °C with a controlled relative humid-
ity (HR) of 53% using saturated solution of magnesium nitrate. The
moisture content of all the samples was determined using a Karl Fis-
cher titrator (V30, Mettler-Toledo, France) combined with an oven
(Mettler Stromboli, France). It was found to be 9.5 + 0.4 wt%.

2.3. Characterization

The fracture surfaces of the materials were observed by scan-
ning electron microscopy (SEM) under high vacuum with a SEM
instrument (S-4300SE/N, Hitachi, Japan) operating at 5kV, the
injection-molded cryofractured samples being previously coated
with a thin gold layer.

The chemical structure of the materials was analyzed by Fourier
transform infrared (FTIR) spectroscopy (Nicolet 380 FT-IR, Thermo
Scientific, France). For this purpose, the native starch and hal-
loysites powders (1 mg) were mixed with KBr (4mg) and then
formed into a disc in a manual press at room temperature.
Transmission spectra of nanocomposites were recorded using a
microscope in transmission mode on 5 wm thick sample slices cut
with a microtome (Leica RM2165, Switzerland). Transmission spec-
tra were recorded using at least 32 scans with 4cm~! resolution,
in the spectral range 4000-600cm~1.

The X-ray diffraction patterns of the materials were recorded
using an X-ray diffractometer (D8 Advance, Bruker, Germany). The
data collection was performed with a Co K, cathode and a detector
(Lynxeye, Brucker, Germany). The monochromator was used at a
voltage of 40kV and an intensity of 40 mA. The scattering angles
(20) range from 5° to 40° at an interval of 0.02°. The height of the
peaks was measured from baseline and the baseline passed through
the lowest point of the diffractogram, which is parallel to the x-axis.
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Fig. 1. SEM images of native starch (a), plasticized starch (b), halloysites (c), plasticized starch/unmodified halloysite nanocomposites: 2 wt% HNT (d), 4 wt% HNT (e), 6 wt%
HNT (f), 8 wt% HNT (g) and plasticized starch/modified halloysite nanocomposites: 2 wt% MHNT (h), 4 wt% MHNT (i), 6 wt% MHNT (j), 8 wt% MHNT (k).

The thermal stability of the samples was measured with a
thermogravimetric analyser (TGA, Mettler, France). Sample masses
ranging from 3 and 5 mg were heated from 25 °C to 600 °C at a rate
20°Cmin~!inadry nitrogen atmosphere. The flow rate of nitrogen
was 20mlmin~—1.

The viscoelastic behaviour was studied in tension by dynamic
mechanical analysis (DMA+150, MetraviB, France) at a frequency
of 10 Hz. The displacement amplitude was 3.5 pum. Data were col-
lected from —80°C to 100°C at a scanning rate of 2°Cmin~!.
DMA specimens (4 mm x 10 mm x 15 mm)were cut from injection-
moulded impact bar samples. Three specimens of each composition
were tested at least.

The mechanical properties were evaluated from injection-
moulded specimens. Tensile properties were measured using a
tensile machine (Model 1185 Instron, USA) equipped with a 1kN
force sensor at a crosshead speed of 10 mmmin~! at 23 °C and 50%

RH according to the ISO 527 standard. At least five specimens of
each composition were tested.

3. Results and discussion
3.1. Nanotube dispersion

SEM images of native starch, plasticized starch and halloysites
are illustrated in Fig. 1. The granular characteristic of native starch
(Fig. 1a) is no longer visible in the plasticized starch (Fig. 1b)
attesting the high ratio of destructuration of the native starch
after plasticization by melt-extrusion process. SEM images of the
nanocomposites show that both modified and unmodified hal-
loysites are uniformly dispersed in the plasticized starch matrix
(Fig. 1d-k). Homogenous dispersion of halloysites with a majority
of individual nanotubes is observed up to 6 wt% of HNT or MHNT.
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Fig. 2. (a) FTIR spectra of unmodified (HNT), modified (MHNT) halloysites, native
starch. (b) FTIR spectra of native starch, plasticized starch and starch/halloysites
nanocomposites at different modified halloysites (MHNT) contents. (c) FTIR spec-
tra of native starch, plasticized starch and starch/halloysites nanocomposites at
different unmodified halloysites (HNT) contents.

Aggregates are visible at higher loading (8 wt%) of HNT or MHNT
(Fig. 1g and k, respectively). Besides, the interface between MHNTSs
and plasticized starch matrix seems to be very good without any
sign of debonding (Fig. 1j and k). In comparison, the presence of
voids or holes (Fig. 1f and g) suggests that the interface between
unmodified halloysites and plasticized starch is of poorer quality.

3.2. Chemical interactions

Interactions between plasticized starch and halloysites in the
nanocomposites were verified using Fourier transfer infrared
spectroscopy. The characteristic peaks of native starch and neat
halloysites were determined (Fig. 2a). Their assignation is reported
Table 1. Similarly, the FTIR spectra of plasticized starch and

starch/halloysites nanocomposites (Fig. 2b and c) were also
recorded.

During the plasticization process, plasticizers and water added
into native starch played a key role, by forming hydrogen bonding
with starch in order to make plasticized starch (Hulleman, Janssen,
& Feii, 1998). The position of neat plasticized starch (GS0%) peaks
shifts to lower wave numbers (1151 and 1077 cm~!) compared
to that of native starch peaks (1158 and 1081 cm!), and a new
peak at 1023 cm~! appears (Fig. 2b). This modification indicates
the creation of stable hydrogen bonds between the starch and the
plasticizer (Ma, Yu, & Wan, 2006). The same trend was observed for
plasticized starch reinforced with modified halloysites (GSM2-8%,
Fig. 2b), and with unmodified halloysites (GS2-8%, not represented
in the Fig. 2b).

In the nanocomposites with unmodified fillers, the peaks of hal-
loysites corresponding to the internal and external hydroxyl groups
(3699 and 3627 cm~! for neat HNTs) weakly shift to lower wave
numbers (3696 and 3621 cm~! respectively for GS2-GS8) (Fig. 2¢).
This may be explained by the formation of the interactions between
external hydroxyl groups of halloysites and C—O0—C groups of starch
(Nicolini et al., 2009) and/or glycerol. The same trend is observed
for the nanocomposites containing modified halloysites (not rep-
resented in the Fig. 2c).

3.3. Microstructure

The changes in the microstructure of plasticized starch upon
addition of HNT or MHNT were studied by XRD (Fig. 3). XRD
was also used to verify the dehydrated form of halloysites. The
diffractograms of modified and unmodified halloysites show char-
acteristic peaks at 7.41 A (20, =13.90°), 4.52 A (20, =23.19°) and
3.74 A (20¢, = 28.42°) corresponding to basal spacings of dgg1, dozo
and dgp, respectively. The absence of peak at 10A confirms the
dehydrated form of halloysites due to drying before processing
(Levis & Deasy, 2002).

The diffractogram of native starch shows peaks at 5.83
(2000 =17.78°), 5.18 (20c0=20.10°), 4.92 (20c,=21.21°), 4.48
(260co=23.41°) and 3.90 A (26¢, =27.16°) characteristic of the A-
type crystal of the cereal starch (Buléon et al., 1998; Hulleman et al.,
1998).

Plasticization of native starch (GS0%) induces the transforma-
tion of the A-type crystalline structure to the B-type and Vy-type
structures characterized by the appearance of peaks located at
4.85 (20c,=21.53°), 4.29 A (26, =24.51°) and 6.76 (20¢, = 15.27°),
4.51 (20¢o =23.26°), 4.03 A (26, = 26.21°) respectively. This mixed
structure (B- and Vy-types) is known to be promoted by low
extrusion water content and high extrusion temperature (Forssella,
Mikkilti, Moates, & Parker, 1997) wherein Vy-type being character-
istic of a better plasticization.

The halloysites characteristic peaks at 7.41 A (26, = 13.80°) and
3.74 A (20¢, =28.42°) remain visible in the diffractogram of the
nanocomposites (for both HNT and MHNT). The height of their
peaks apparently increases with increase in halloysites content
(Table 2). The plasticized starch peaks are also present in the
diffractogram of the nanocomposites. These results confirm that
halloysites nanotubes are dispersed in the starch matrix (Carli,
Crespo, & Mauler, 2011).

The type of the halloysites (HNT or MHNT) influences the crys-
talline structure of the plasticized starch matrix. The addition of
MHNT at the lowest content (2 wt%) reduces the formation of the
Vy-type structure of the plasticized starch and favours the forma-
tion of B-type structure. This means that addition of a low content
of MHNT reduces the starch plasticization (so-called plasticiza-
tion reverse effect). Further addition of MHNT induces an increase
of the height of Vy-type structure peaks which regain the initial
height (GS0%) at about 8 wt% of MHNT (Table 2). The reverse effect
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Table 1
FTIR assignments for native starch and halloysites.

Peaks (cm~')

Assignation

Native starch 3600-3900 —OH bond
2931 —C—H and —C—H,; bond stretching of the anhydroglucose ring
1647 Water bonding vibration
1160-1080 —C—0 bond stretching of the —C—O0—H bonds
1039-990 —C—0 bond stretching of the C—O—C group in the anhydroglucose ring
Halloysite 3700-3600 External hydroxyl group and internal hydroxyl groups
1650 Water deformation bond
1200-1000 —Si—O0 bond vibration and stretching
912 —O—H deformation of the inner hydroxyl group
Table 2

Evolution of the position, height of the halloysites XRD characteristic peaks (7.41 A and 3.74A) in plasticized starch/halloysites nanocomposites and height of the XRD

characteristic peaks of the starch type-B and type-Vy crystalline structure.

Halloysite peak Halloysite peak

B-type structure

Vy-type structure

at7.41A at 3.74A
Peak (A) Height Peak (A) Height Height of the Height of the Height of the Height of the Height of the
peakat4.85A  peakat429A  peakat6.76A  peakat4.51A  peakat4.03A
Plasticized starch GS0% 0.99 3.13 5.86 17.25 3.60
HNT-based GS2% 7.39 5.86 3.68 239 4.28 - 2.38 5.48 1.05
nanocomposites GS4% 7.25 7.95 3.65 3.58 0.52 1.93 6.43 18.52 3.12
GS6%  7.18 795  3.63 611 174 054 219 8.27 1.58
GS8% 7.6 1802  3.66 770 574 - 1.05 403 030
MHNT-based GSM2% 7.32 4.46 3.69 1.70 - 7.54 420 11.65 2.45
nanocomposites GSM4%  7.32 8.53 3.70 3.87 - 9.55 435 12.47 2.22
GSM6%  7.31 13.45 3.70 5.89 - 3.49 5.68 15.77 2.83
GSM8%  7.31 2041 3.70 8.43 - 2.89 6.04 20.85 3.80

on the starch plasticization induced by the addition of the lowest
halloysites content is more pronounced for HNT than for MHNT.
Further increase in HNT content does not allow compensation of
the initial reverse effect due to HNT addition (except for 4 wt%
surprisingly). This may be due to the interactions between HNT
and glycerol; therefore the availability of glycerol for plasticiza-
tion is less. On the opposite, because of their surface treatment,
the affinity of modified halloysites with glycerol was lower and
glycerol was completely available for plasticization (Shi et al.,
2007).

3.4. Thermal behaviour (TGA).

For plasticized starch (GS0%), the mass loss curves falls in three
steps, the first above 100°C, the second above 250°C and the
third at 331°C. The first mass loss is mainly related to the water
volatilization, the second one to the plasticizer volatilization. The
significant mass loss at the highest temperature may be ascribed to
the decomposition of starch.

The first two steps are not affected by the addition of the hal-
loysites (HNT or MHNT). On the contrary, the onset temperature of
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Fig. 3. XRD patterns of unmodified (HNT) or modified (MHNT) halloysites, native starch, plasticized starch and plasticized starch/halloysites nanocomposites at different

halloysites contents.
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starch decomposition is delayed to higher temperatures in case of
nanocomposites, and this transition increases with increasing hal-
loysites content (331, 335, 337, 338 respectively for GS2%-GS8%
and 336, 336, 337, 338 respectively for GSM2%-GSM8%). Thus,
the addition of halloysites increases the thermal stability of the
matrix. This may be explained by the high thermal stability of hal-
loysites and interaction between plasticized starch and halloysites
(Xie et al,, 2011).

3.5. Viscoelastic behaviour

Dynamic mechanical analysis (DMA) was carried out to get more
information about molecular motion and structure with a focus on
interfacial interaction between the nanocomposites components.
It is also an effective tool to study the strain response of polymers
exposed to dynamic forces.

For plasticized starch (GS0%), the loss factor (tand) shows two
peaks at —47°C and 25°C (Fig. 4a). The tané peak is commonly
referred to relaxations of the polymer related to glass transition
temperature (Tg) or secondary transitions. The position of the
upper transition is commonly associated to the glass transition
of the starch rich phase (T, ) while the lower one is attributed to
the glass transition of the glycerol rich phase (Tg) (Forssella et al.,
1997). The variation in tané of the nanocomposite is similar to that
of plasticized starch. Nevertheless, the transition corresponding
to the plasticizer rich phase (—47°C) remains identical for all

Table 3
Tensile properties of plasticized starch and plasticized starch/halloysites
nanocomposites.

Young's Tensile Elongation

modulus (MPa) strength (MPa) at break (%)
Plasticized starch GS0% 12.82 +£2.35 2.28 + 0.08 87 +5
HNT-based GS2% 13.96 + 1.92 242 +0.12 85+1
nanocomposites GS4% 18.56 + 0.54 2.82 +0.03 85+ 3
GS6% 20.83 + 1.96 2.81 +£0.10 84 +2
GS8% 25.01 +3.33 293 £ 0.16 83 +4
MHNT-based GSM2% 16.53 + 5.58 2.72 £ 0.14 87 + 4
nanocomposites GSM4%  19.06 + 1.06 2.79 + 0.04 82+3
GSM6% 21.74 + 5.72 2.81 £ 0.15 89+5
GSM8% 31.33 + 2.65 293 +£0.34 83+7

the materials whereas the transition corresponding to the starch
rich phase (25°C) is shifted to the lower temperature in presence
of HNT. The amplitude of this shift decreases with increasing
halloysites content. Moreover the height of peak decreases with
increasing halloysites content, which may indicate a restriction
of the motion of polymer chains and an effective interfacial inter-
action between the halloysites and the starch matrix (Lu & Nutt,
2003). The same results are obtained upon MHNT addition (Fig. 4a).

The storage modulus (E’) of all HNT-based nanocomposites
(GS2-8%) is higher than that of neat plasticized starch (GS0%)
and increases with increasing halloysites content (Fig. 4b). This is
caused by the restrictions of the segmented motion of the starch
chains (Zhou et al., 2009) and the presence of nanotubes with high
modulus and high aspect ratio (Guimaraes, Enyashin, Seifert, &
Duarte, 2010). This trend is mainly visible above of the glass tran-
sition of the starch rich phase (T, ). The same results are obtained
for MHNT-based nanocomposites (Fig. 4b).

3.6. Mechanical behaviour

Tensile stress—strain curves of plasticized starch/HNT and plasti-
cized starch/MHNT nanocomposites were recorded (Fig. 5a). Stress
increases continuously with strain without yielding until fracture;
considering the high elongation at break, the behaviour is typically
plastic. The deformation mechanism of the plasticized starch does
not change upon addition of the nanofiller. The tensile properties
of starch/HNT and starch/MHNT nanocomposites containing differ-
ent halloysites weight contents were computed (Table 3 and Fig. 5b
and c). Tensile modulus (E), tensile strength (og) and elongation at
break (eR) of plasticized starch are equal to 12.82 MPa, 2.28 MPa
and 87%, respectively. The addition of both unmodified and modi-
fied halloysites significantly increases the Young’s modulus and the
tensile strength without any loss of ductility.

In case of plasticized starch/HNT nanocomposites, tensile
strength and elastic modulus increase up to 28% and 95%, respec-
tively. In the case of plasticized starch/MHNT nanocomposites,
tensile strength and elastic modulus increase up to 29% and 144%,
respectively. This result is consistent with previous DMA results
and morphology analysis. The enhancement of mechanical proper-
ties upon halloysites addition is due to high aspect ratio and high
mechanical properties of halloysites combined to good compatibil-
ity between starch and such filler (Yang, Shi, Pramoda, & Goh, 2007).
Indeed, good interfacial adhesion between halloysites and starch
along with homogeneous dispersion of halloysites in starch matrix
enables efficient stress transfer from the matrix to reinforcements,
which gives rise to tensile strength. Moreover, modified halloysites
(MHNT) lead to better mechanical properties (compared to unmod-
ified HNT). This is in accordance with SEM observations, where
no debonded MHNTSs are observed due to the improved interface
between MHNTSs and starch matrix (compared with that between
HNTs and starch matrix). Such an increase in strength and modulus
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Fig. 5. (a) Typical tensile stress—strain curves of plasticized starch and plasticized
starch bearing 6 wt% halloysites content. (b) Tensile properties of plasticized starch
and plasticized starch/HNT nanocomposites at different halloysites contents. (c)
Tensile properties of plasticized starch and plasticized starch/MHNT nanocompos-
ites at different halloysites contents.

may be partly related to the material crystalline structure varia-
tions. The modulus increase may be related to an initial increase
in the formation of double helical structures of the amylopectin
(Van Soest, De Wit, & Vliegenthart, 1996) which reduces the mobil-
ity of the amylopectin molecules. The strength increase may be
explained by the reduction in the plastic flow of crystalline mate-
rials, and also due by the rupture of covalent bonds (Van Soest,
De Wit, et al., 1996). However the improvement of the mechan-
ical behaviour in tension is mainly ascribed to the homogeneous
dispersion of halloysites in starch matrix.

4. Conclusion

Plasticized starch/halloysite nanotubes nanocomposites were
prepared by melt-extrusion process in a twin-screw extruder. The
efficiency of melt-compounding in dispersing the nanotubes in

starch matrix was evidenced by scanning electron microscopy.
The influence of halloysite content and their modification on
the structural and mechanical properties of the nanocomposites
were investigated. Interactions between plasticized starch and hal-
loysites in the nanocomposites and microstructure modifications
were monitored using Fourier transfer infrared spectroscopy, X-ray
diffraction and dynamic mechanical analysis. The thermal stabil-
ity and mechanical properties of starch are significantly improved
upon addition of both modified and unmodified halloysites into
starch matrix. Modified halloysites leading to significantly higher
Young’s modulus than unmodified halloysites. Compared to other
nanofillers used to improve mechanical properties of plasticized
starch prepared by melt-extrusion, the addition of halloysites nano-
tubes allows achieving better combination of properties (thermal
stability, tensile modulus, strength and elongation at break).
Wheat starch is a cheap raw material, abundant, renewable,
readily available and very versatile in terms of chemical and phys-
ical modification, whilst halloysite is natural and biocompatible.
Thus, fully bio-based plastic materials with improved mechanical
properties are achievable by adequately adjusting the composition
of the nanocomposite system. Further assessment of this nanocom-
posite system for biomedical application is in progress in our group.
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