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Plasticized cassava starch matrix composites reinforced by a multi-wall carbon nanotube
(MWCNT)-hercynite (FeAl,04) nanomaterial were developed. The hybrid nanomaterial consists of
FeAl,04 nanoparticles anchored strongly to the surface of the MWCNT. This nano-hybrid filler shows
an irregular geometry, which provides a strong mechanical interlocking with the matrix, and excellent
stability in water, ensuring a good dispersion in the starch matrix. The composite containing 0.04 wt.% of
the nano-hybrid filler displays increments of 370% in the Young’s modulus, 138% in tensile strength and
350% in tensile toughness and a 70% decrease in water vapor permeability relative to the matrix mate-
rial. All of these significant improvements are explained in terms of the nano-hybrid filler homogenous
dispersion and its high affinity with both plasticizers, glycerol and water, which induces crystallization
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without deterioration of the tensile toughness.
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1. Introduction

In the last decades, there has been a notable increasing inter-
est in the development of plastics from polysaccharides as an
alternative to replace synthetic plastic films. The properties of
these materials and their potential applications, depend on the
type and concentration of the plasticizers and the presence of
other additives such as sugars, lipids, etc. (Antoniou, Liu, Majeed,
Qazi, & Zhong, 2014; Kalichevsky & Blanshard, 1992; Kalichevsky,
Jaroszkiewicz, Ablett, Blanshard, & Lillford, 1992; Nuanmano,
Prodpran, & Benjakul, 2015).

Starch is an abundant low cost biopolymer which can
be processed to biodegradable films. Water and glycerol are
two of the most typical plasticizers used in the production
of the processed films (Garcia, Fama, Dufresne, Aranguren, &
Goyanes, 2009; Schmitt, Prashantha, Soulestin, Lacrampe, &
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Krawczak, 2012; Swain, Pradhan, & Sahu, 2013). The structure of
starch-glycerol-water films is complex due to the partial miscibil-
ity of glycerol in starch (Forssell, Mikkild, Moates, & Parker, 1997;
Wilhelm, Sierakowski, Souza, & Wypych, 2003). These systems can
exhibit one or two phases depending on the mass fraction of each
component (water, glycerol, starch) (Godbillot, Dole, Joly, Rogé, &
Mathlouthi, 2006). According to Moates, Noel, Parker, and Ring
(2001), when phase separation takes place, one of the phases is
rich in glycerol and the other in starch.

Starch retrogradation may occur during the storage of starch
based systems, leading to an incipient crystallization and the conse-
quent modification of the films’ mechanical properties. The nature
and proportion of the different phases present in the films affect
the crystallization process (Farahnaky, Saberi, & Majzoobi, 2013;
Farhat, Blanshard, & Mitchell, 2000).

In spite of its multiple advantages, the use of starch based film
is still limited because of its poor mechanical properties and high
water vapor permeability, compared to other non-natural poly-
mers (Carvalho, 2011; Fama, Rojo, Bernal, & Goyanes, 2012; Garcia,
Ribba, Dufresne, Aranguren, & Goyanes, 2011; Hansen & Plackett,
2008). The incorporation of micro and nano-sized fillers into starch
matrices has been the topic of many studies in order to overcome
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these limitations (Chang, Wu, Anderson, & Ma, 2012; Fama,
Pettarin, Goyanes, & Bernal, 2011; Nafchi, Alias, Mahmud, & Robal,
2012).

Inorganic nanoparticles, especially ceramic oxide and nan-
oclays, were used as fillers with some success in the reinforcement
of starch matrices. Multi-wall carbon nanotubes (MWCNTSs) have
extraordinary mechanical properties that make them outstanding
materials to blend with polymers in order to prepare multifunc-
tional nanocomposites (Kong, Yuan, & Qiu, 2012; Sun, Chu, &
Sue, 2010; Zilli et al., 2007). However, the effective utilization of
nanofillers in composite materials strongly depends on their homo-
geneous dispersion through the polymer matrix and their adequate
interfacial adhesion (Kong et al., 2012; Sun et al., 2010; Zilli et al.,
2007).

Carbon nanotubes are strongly affected by van der Waals forces,
so, they tend to agglomerate during polymer nanocomposites
preparation (Kudus, Akil, Mohamad, & Loon, 2011; Tian & He,
2011). Covalent and non-covalent functionalization as well as
the use of surfactants are common ways to disperse MWCNTs
in starch. However, functionalization of the nanofiller normally
involves a number of steps and is expensive. Besides, cova-
lent functionalization introduces defects and can have a negative
effect on MWCNT properties (Escobar et al., 2009; Goyanes et al.,
2007).

The synergy between different fillers (like grapheme and
nanodiamond or nanodiamond and carbon nanotubes) in the
improvement of mechanical properties of polymer plastics was
reported (Prasad, Das, Maitra, Ramamurty, & Rao, 2009). Micro
sized alumina particles associated with MWCNTSs were successfully
used as filler for the reinforcement of high density polyethylene.
This type of filler shows high dispersibility in the solvent used to
prepare the polyethylene composite, leading to a material with bet-
ter mechanical properties than the composite prepared with only
MWCNTs (Tian & He, 2011).

Our research group had recently developed a new nano-hybrid
filler composed of ceramic nanoparticles physically anchored to
MWCNTs. Notably, this hybrid is easily dispersed in water, produce
very stable aqueous suspensions and avoids chemical functional-
ization or surfactant incorporation (Morales Mendoza et al., 2012;
Morales et al., 2013). It should be noted that pristine MWCNTs do
not form stable aqueous suspensions without the addition of sur-
factants and cannot be homogeneously dispersed in suspensions
based on starch and water.

The aim of this work is to develop a new starch composite using
as reinforcement a water dispersible nano-hybrid filler composed
of ceramic nanoparticles attached to carbon nanotube walls. As far
as we know, this type of hybrid or others with similar character-
istics has not been used to reinforce starch polymers before. The
effects of hybrid content on morphological, thermal and structural
characteristics of the films, as well as its water vapor permeability
and mechanical properties are discussed.

2. Experimental
2.1. Materials

Cassava starch, provided by Industrias del Maiz S.A. (Argentina)
with a 28 wt.% amylose and 72 wt.% amylopectin was employed.
Glycerol (Mallinckrodt, Argentina) was used as plasticizer. Nanocyl
NC 3100 was used as received to prepare a composite containing
only carbon nanotubes.

2.2. Nano-hybrid filler preparation

Nano-hybrid filler (NHF) was synthesized as reported in Morales
Mendoza et al. (2012). Briefly, the NHF was prepared by chem-
ical vapor deposition (CVD) using a-Fe embedded in hercynite
microparticles as a catalyst and acetylene as the carbon source.
The catalyst was prepared by a sol-gel method using aluminum
sec-butoxide and Fe(NOs3)3-9H,0 as precursors, dissolved in an
ethanol/water solution. The hydrolysis and condensation of the
precursors were catalyzed by HF acid, leading to a sol formed by
particles containing intimately mixed aluminum and iron hydrous-
oxides. The drying of the sol under a controlled atmosphere
produced first a gel and later a xerogel. The xerogel was fired at
450°C under air atmosphere, milled in an agata mortar and sieved
through stainless steel mesh, (200-350 mesh ASTM) producing the
precursor of the catalyst. This precursor was reduced during 2 h
at 730°C under N,/H, atmosphere in a cylindrical oven, leading
to the production of micrometric hercynite particles containing
embedded a-Fe nanoparticles. Carbon nanotubes were synthe-
sized by introduction of N,/H; plus acetylene in the oven at the
same temperature for 1h. During CNT growing the catalyst par-
ticles were exposed to intense stress that produced its fracture
in small nanoparticles which remained physically attached to the
external walls of the CNTs. The composition of the NHF is 80% car-
bon nanotubes (MWCNTSs) and 20% ceramic components (mostly
hercynite (FeAl,04) and other minor components). Fig. 1a shows
an image of the NHF obtained by Field Emission Scanning Elec-
tron Microscopy (FE-SEM). The MWCNTSs average outer diameter
was 35 nm and the nanoparticles (NP) average size was 50 nm. This
NHF is highly dispersible in deionized water producing stable water
dispersions, as a consequence of its relatively low isoelectric point
(3.2) (Morales et al., 2013). Under the same conditions commer-
cial carbon nanotubes with similar morphological characteristics
agglomerate and precipitate after a short time in suspension, as
can be seen in Fig. 1b-d.

2.3. Preparation of starch/MWCNT-hercynite hybrid composites

The nanocomposites films were prepared following a similar
protocol to that reported in Fama et al. (2011, 2012). The ade-
quate quantity of NHF without further treatment was dispersed in

Hybrid

Commercial
MWCNT

Commerdial
MWCNT

Commercial
MWCNT

Hybrid Hybrid

Fig. 1. (a) FE-SEM micrograph of nano-hybrid filler composed by MWCNT and hercynite nanoparticle. Water dispersion of nanofillers: (b) immediately after sonication, (c)

after 1 h and (d) 24 days.



NJ. Morales et al. / Carbohydrate Polymers 127 (2015) 291-299 293

93.5 mL of distilled water using a tip sonicator (JY92-1IDN Ningbo
Scientz Biotechnology CO) over a period lasting 30 min. Then 1.5g
of glycerol and 5 g of starch were added. The mixture was smoothly
stirred for 45 min and was then heated at 3 °C/min until it reached
85°C. This process guarantees complete gelatinization, as deter-
mined by the loss of birefringence. Finally, the gel was degassed
with a vacuum pump for 10 min, cast in glass Petri dishes and dried
at 50°C for 24 h. Starch glycerol matrix and composites containing
0.02, 0.04, 0.10 wt.% of MWCNT-hercynite hybrid were developed
and identified as matrix, NHF-0.02, NHF-0.04 and NHF-0.10, respec-
tively. The amount of nanofiller added is expressed in percentage
weight ratio (wt.%) to the mass of starch and glycerol in the for-
mulation. Since the structure and therefore the properties of these
materials are strongly related to the water content, the moisture
content of the nanocomposite films was achieved by condition-
ing the samples for four weeks in desiccators containing NaBr
(RH=57.5% at 25°C).

Table 1 provides the composition of the samples on dry basis
and after conditioning.

2.4. Characterization techniques

2.4.1. Morphological characterization

The morphological characterization of the materials was per-
formed on both macroscopic and microscopic scales.

The presence of agglomerates in the films was studied by opti-
cal observations using an Olympus BX60M microscope in the bright
field mode. The cryogenic fracture surfaces of the composites were
observed by scanning electron microscopy using a FE-SEM with
Field Emission Gun (FEG) Zeiss DSM982 GEMINI. The fracture sur-
face of the samples was sputter-coated with gold (15s, 0.06 mbar
of Ar) and observed with an acceleration voltage of 5kV.

2.4.2. Thermal characterization

Thermo-mechanical determination of the glass transition tem-
peratures (Tg) was carried out in a dynamic mechanical thermal
analyzer (DMTA IV, Rheometric Scientific), in the rectangular ten-
sion mode at1Hz and a heating rate of 2 °C/min. The temperature
range of measurements was from —100°C to 75°C. The strain
amplitude was 0.04% to assure that the mechanical response of
the samples was within the linear viscoelastic range. Samples
dimensions were 15.0 mm x 5.0 mm x 0.26 mm (length, width and
thickness, respectively). Three replicates were tested for each sys-
tem.

The thermal stability of the samples was measured with a ther-
mogravimetric analyzer (Shimadzu TGA-51). Approximately 10 mg
of each sample was subjected to heating from 30 to 500°C at a
rate of 10°C/min in a dry nitrogen atmosphere. The flow rate of
nitrogen was 50 mL/min. The mass of the sample was continuously
recorded while the sample temperature was ramped at a constant
heating rate, then the weight loss as function of the temperature
was calculated.

Table 1
Matrix and composite composition on dry basis and on conditioned films.

Dry basis (wt.%) Conditioned films (wt.%)

Starch 76.9 67.7
Glycerol 23.1 20.3
Water - 127
Filler 0.02/0.04/0.10° 0.018/0.036/0.088 "

" Calculated with respect 100% of dry basis matrix.
" Determined by thermogravimetric analysis.
™" Calculated with respect 100% of conditioned matrix.

2.4.3. X-ray diffraction (XRD)

The X-ray diffraction patterns were measured with a Siemens D
5000 X-ray diffractometer. The X-ray generator tension and current
were 40kV and 30 mA, respectively. The radiation was Cu Ko of
wavelength 1.54 A. Data were collected in the range 26 = 5-35° with
a step size of 0.02°.

2.4.4. Water vapor permeability (WVP)

Water vapor permeability of composites was determined at
room temperature using a modified ASTM E96-00 procedure (Fama
etal.,2012). Samples were placed into circular acrylic cells contain-
ing CaCl,, and were then located in desiccators at relative humidity
(RH) of ~70% and room temperature. Water vapor transport (WVT)
through the samples and adsorbed by the desiccant, was deter-
mined from the weight gain of the acrylic cells. The cells were
weighed daily over 10 days with an accuracy of 0.1 mg. WVP were
then calculated as:

_ WVT.e
" Py-RH
where e is the film thickness and Py the saturation vapor pressure
of water at room temperature.

WVP (1)

2.4.5. Tensile tests

Uniaxial tensile tests were carried out in an Instron dynamome-
ter at a crosshead speed of 1.2 mm/min at room temperature,
following ASTM D882-02 (2002) standard recommendation. Nomi-
nal stress (o)-strain (&) curves were obtained and Young’s modulus
(E), tensile strength (o), strain at break (&p,) and tensile toughness
values were determined.

3. Results and discussion
3.1. Morphological characterization

Fig. 2a and b shows the images acquired by optical microscopy of
the films produced with 0.02 wt.% of NHF and with the same content
of commercial carbon nanotubes, respectively. The figures clearly
show that while the film containing NHF did not show the presence
of aggregates, these are clearly visible in the film prepared with
commercial carbon nanotubes (see, for example, the areas marked
with circles in Fig. 2b).

The cryogenic fracture surface micrographs of the matrix and
composites NHF-0.02, NHF-0.04 and NHF-0.10 are shown from
Fig. 2c—f, respectively. The matrix displays a fracture surface with
prominent raised features, known as hackle bands, which are
attributed to craze formation and propagation (Wolock, Newman, &
Kies, 1959).In contrast the fracture surface of the composites shows
a well-developed vein pattern suggesting a ductile yielding. The
yielding phenomenon of polymers is highly time and temperature
dependent, with the competition between shear and dilatational
yielding integrally linked to the local stress state of each volume
element in the material. Therefore, a transition from brittle-to-
ductile behavior can occur if the stress state in the polymer is
changed in such a way that the shear yield criterion is reached
prior to the formation of crazes (i.e., homogeneous yielding by
shear vs heterogeneous yielding by crazing) (Sternstein, 1975).
Well dispersed carbon nanotubes can suppress craze formation
and promote delocalized shear yielding. Then, the main crack is
formed by the accumulation of the micro tearing along near shear
bands and the torn shear bands form vein patterns on the frac-
ture surface (Bian, Chen, He, & Hui, 2001). If the nanofiller remains
well dispersed, an increment in its concentration would lead to a
thinner and denser pattern of veins as reported by Bian, He, and
Chen (2002). Instead of this trend, the cryogenic fracture surface of
the composites with NHF progressively lose their vein structure as
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Fig. 2. Optical microscopy of composites: (a) NHF-0.02 and (b) 0.02 wt.% commercial MWCNT. FE-SEM micrograph of cryogenic fracture surface of: (c) matrix, (d) NHF-0.02,

(e) NHF-0.04, (f) NHF-0.10. The inset in (f) shows areas with aggregates of NHF.

the nanofiller content increases, suggesting that the NHF begins to
agglomerate.

All of these results indicate that the hybrid is much better
dispersed within the matrix than commercial MWCNT. The phys-
icochemical phenomenon related causing the higher dispersibility
of the NHF in water may also be operating during starch gelatiniza-
tion, but loses effectiveness when the nanofiller content increases.

3.2. Crystallinity of nanocomposites

Fig. 3 shows the X-ray diffraction patterns of nano-hybrid
filler, matrix and all the composites. The starch crystallite size
obtained by the Scherrer equation (Patterson, 1939) and the starch
crystalline fraction (C.F) calculated according to Fama, Flores,
Gerschenson, and Goyanes (2006) are also included. The diffrac-
tion pattern obtained for NHF was added as a reference (Fig. 3a).
This pattern exhibits typical features of carbon nanotubes (20 =26°)
and the most intense hercynite peak (260=31°). The XRD pattern
of the matrix (Fig. 3b) shows three peaks at 260=14°, 17° and
19.8° which are characteristic of the B-type crystalline structure
(Buléon, Véronése, & Putaux, 2007). Two small peaks appear at
20=13° and 20.2° (a shoulder at the right side of the peak at
19.8°) as first indicators that a hydrated V-type structure is being

formed by the amylose fraction as a result of its complexation
with glycerol. The small crystalline fraction displayed by the matrix
(3.9%) is a consequence of the retrogradation process resulting
from the four week storage at 57.5% RH. This well known behav-
ior was previously reported by other authors (Farhat et al., 2000;
Van Soest, de Wit, Tournois, & Vliegenthart, 1994; Wynne-Jones
& Blanshard, 1986).XRD patterns of NHF-0.02, NHF-0.04 and NHF-
0.10 (Fig. 3c-e), show that the addition of NHF has no influence on
the crystalline structure but increases the crystalline fraction of the
films. The addition of the hybrid notably increases the intensity of
the 260 = 14° and 17° diffraction peaks with respect to these peaks in
the matrix. Interestingly, the highest intensity is obtained with the
lowest percentage of filler used in this work. This result suggests
that higher percentages of filler lead to a diminution of the intensity
of both peaks with respect to the NHF-0.02 film, being more appar-
ent when 20=17°. The crystallite size, as the crystalline fraction,
follows the same trend with NHF content. The peaks at 20=13°,
19.8° and 20.2° are not modified suggesting that the complexation
of glycerol with amylose is not involved in this phenomena.

The XRD pattern of the films was modeled using the
March-Dollase model (Dollase, 1986; March, 1932) in the Powder
Cell program (Kraus & Nolze, 1996). The XRD pattern of the matrix
was modeled assuming a random distribution of crystallites, but
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Fig.3. X-ray diffractions patterns for: (a) nano-hybrid filler, (b) matrix, (c) NHF-0.02,
(d) NHF-0.04 and (e) NHF-0.10.

under the same hypothesis it was not possible to model the XRD
patterns of the composites. The high intensities of the peaks at
20=14° and 17° observed in the composite films, corresponding
to the planes (201) and (211) of the B-type structure, can be
modeled considering that the crystallites take the form of platelets
with a perfect alignment of the (4 12) direction with the normal of
the film. These results indicate that the incorporation of the NHF
to the starch glycerol matrix leads to the growing of the crystallite
in a preferential orientation.

It is well known that the presence of nanoparticles in a poly-
meric matrix may modify the crystallization behavior acting as
nucleation centers (Angles & Dufresne, 2000). For instance, Wu and
Chen (2006) studied the effect of MWCNTSs on the crystallization of
poly (e-caprolactone) (PCL) finding that the filler induces two oppo-
site effects. At low MWCNT contents the filler acts as a nucleating
agent, accelerating the crystallization of the polymer. In contrast,
higher MWCNT contents hinder the transport of polymer segments
delaying the crystallization process. Their results indicate that the
addition of MWCNTSs into PCL induces the heterogeneous nuclea-
tion at lower MWCNT content and then reduces the transportation
ability of polymer chains during crystallization processes at higher
MW(CNT content.

On the other hand, Angles and Dufresne (2000) showed that in
starch-cellulose whiskers composites there is a selective migra-
tion of the plasticizer from the matrix through the whisker/matrix
interface as consequence of the higher affinity between cellulose
whiskers and plasticizer. Based on the high dispersibility of the NHF
in polar solvents (Morales et al., 2013), high affinity between the
NHF and the glycerol is expected. This interaction may be supported
by the formation of hydrogen bonding between the hydroxylated
surface of the ceramic oxide nanoparticles (forming part of the
NHF) and the hydroxyl groups of glycerol. Additionally Forssell
et al. (1997) showed that glycerol interacts with starch, inhibiting
the amylopectin crystallization. Then, the higher the glycerol con-
tent in the starch matrix the lower the crystallinity of the system
(Farahnaky et al., 2013; Van Soest et al., 1994; Van Soest, de Wit,
Tournois, & Vliegenthart, 1996).

0,40
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Fig. 4. Evolution of tand as a function of temperature for matrix and composites.

The previous statements help to interpret the results of Fig. 3. At
low content of NHF two simultaneous effects lead to an increment
of the crystalline fraction. On one hand, as explained by Wu and
Chen (2006), the NHF may act as nucleation centers triggering crys-
tallization. On the other hand, due to the migration of glycerol from
the matrix to the NHF/matrix interface, the content of plasticizer
in the matrix acts against amylopectin crystallization. At high NHF
content a diminution in the crystalline fraction with increasing con-
tent of filler could be a consequence of steric hindering produced
by the NHF. High content of NHF may lead to an entangled struc-
ture that reduces the mobility of amorphous amylopectin chains,
limiting crystallization. The observed reduction in crystallite size
with increasing NHF is consistent with the last explanation.

3.3. Thermal characterization

The evolution of tané as a function of temperature for matrix
and composites is shown in Fig. 4. Starch plasticized with glycerol
behaves as a partially miscible system with two main relaxation
phenomena evidenced through two maxima in tané curves. The
low temperature relaxation occurs around —60 °C and is attributed
to the glass transition of the glycerol-rich phase (Tg') whereas the
high temperature relaxation at 37 °C corresponds to the glass tran-
sition of starch-rich domains (Tgﬁ ). Both relaxation temperatures

are reported in Table 2. The T¢ value is not influenced whereas Tg
significantly increases upon NHF addition.

Fig. 5 shows the thermogravimetric curves of the matrix and all
the different composites. The TGA curve of matrix shows an ini-
tial mass drop of approximately 12wt.% in the range 35-150°C
which corresponds to the loss of absorbed moisture, according
to Angles and Dufresne (2000). Then, two other losses of mass
were detected which correspond to degradation processes of: (i)
150-280°C: glycerol-rich phase and (ii) 280-350°C: starch-rich
phase (Garcia et al., 2009; Liu, Zhao, Chen, & Yu, 2011).

Table 2
Glass transition temperatures of the matrix and composites.
° B (o
Tg (°0) Ty (°O)
Matrix -59 +1 37 +1
NHF-0.02 -60 £ 1 45+ 1
NHF-0.04 -59+1 53+ 1
NHF-0.10 -59 +1 55+ 1
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Fig. 5. Thermogravimetric curves of the matrix and composites. The solid line (-) is
the theorical fit curve obtained, for each sample, using Eq. (10) and the parameter
values of Table 3.

In order to discern the effect of NHF on the degradation pro-
cesses of both phases (glycerol rich and starch rich phases) it
would be useful to assess the kinetic parameters that govern these
phenomena. To achieve this objective we have to estimate the mass
fraction of the two phases in each composite. Our hypothesis is
that the moisture content of each composites (12 wt.% in the con-
ditioned sample, as indicated in Table 1) is partitioned between the
alpha and beta phases, keeping the starch/water ratio constant in
each phase. This hypothesis is based on the water/glycerol/starch
system phase diagram reported by Godbillot et al. (2006); details
about this hypothesis can be found in the Supplementary data sec-
tion. Then, the composition in each phase might be described by

xigl+x§W:l with i=a,p (2)

where ngl = mass fraction of glycerol in the i phase and xL,, = mass
fraction of starch plus water (where the water is homogeneously
dispersed in the starch matrix) in the i phase. Now, the mass frac-
tions xil and x.,, can be calculated by the Gordon-Taylor equation
(Kalichevsky, Jaroszkiewicz, & Blanshard, 1993; Ross & Karel, 1991),
or by the Fox equation (3), a simplification that applies when the
density of components is similar (Brekner, Schneider, & Cantow,
1988) (see Supplementary data for more details):

i .
1 _ % Xw 3)
i 18 T

along with Eq. (2) and the values of Té' from Table 2 if the values

of ngl and T3 are known. A good value for the glass transition
temperature of glycerol can be easily obtained from literature,
ngl = —90 °C(Sou, Nishikawa, Koga, & Tozaki, 2011). To estimate
TgW our analysis is as follows. Given the initial mass of native starch
(5g) and glycerol (1.5 g), the mass of water for a starch moisture of
12% is obtained from

Myotal = Mstarch + Mglycerol + Mwater
= Mgtarch + Mglycerol + 0.12 % Mygra) = Mwater = 0.8868
which means that the starch plus water component has a moisture

of 15%, and its glass transition temperature taken from litera-
ture is T3V = 60 °C (Perdomo et al., 2009). Once the values of x’gl

and xi,, were calculated, the equations of mass conservation were
introduced and solved for

B B
MglycerolXsw + (mstarch + mwater)x

o gl
mwet = B B (4)
X% Xy — X XS,
glXsw — X Xsw
B (Mstarch + mwater)xgl = mglycerolxgw
Myer = B (5)

B
XgXsw — XgiXsw

where m$ .. and mfvet are used to denote the masses of the alpha
and beta phases. Finally, after obtaining the wet masses (m%, and

maet), the mass fractions of o dry phase {xg‘w} and B dry phase

{xdﬁry} would be obtained as follows:
mOt
o o o o o o water
Mew = MyeXsw = Mgaren T Mwater = Matarch 1+ o
starch
Mwater
—me (1 + Mwater 6)
starch Mtarch

where the hypothesis of constant starch/water ratio in each phase
is used. Then,

mO( b= m&vetxgw (7)

starch —

(1 + (mwater/mstarch))

o o o 1

Miyater = MyetXsw | 1— (8)
(1 + (mwater/ mstarch))
Then, the mass fraction of the dry phase « is:

X = mgvet - mevater (9)

dry — m

total

The mass fraction of the dry phase § was similarly calculated.
The results are shown in Table 3.

The degradation kinetics of each component, water, the dry
alpha and beta phases can be represented by a logistic function,
so the TGA curves showed in Fig. 5 may be fitted by a combination
of them (Cao, Naya, Artiaga, Garcia, & Varela, 2004).

B ~exp [(4vi/x;) (T; = T))]
Yir) = Zixl 1+exp [(4vi/xf) (Ti - T)]

(10)

where x; is the mass fraction of each component at the begin-
ning of the experiment, T; is the center of degradation temperature
range, and v; is the weight loss rate. In the fitting procedure, the
values of the mass fractions were constrained to the already esti-
mated through the analysis of the glass transition temperatures.
The parameters obtained from the adjustment of the experimen-
tal data (see details in Fig. 5) by the proposed model are presented
in Table 3. At increasing NHF content, the characteristic tempera-
ture T; for water loss and for the degradation of glycerol-rich phase
increases, and both weight loss rates, vy,o and vgry, decrease. This
behavior suggests a modification in the affinity between glycerol
and water molecules. This modification may be consequence of
the formation of hydrogen bonding between water and the —OH
of the ceramic oxide nanoparticles surface that form part of NHF
(the presence of OH at the hercynite surface was already reported
(Morales et al., 2013). As expected, the migration of glycerol from
the starch-rich domains affects mainly the weight loss rate but
not the characteristic degradation temperature. It is worth noting
that these results support the model proposed to explain the high
crystallization at low filler content.
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Table 3
Degradation parameters of the matrix and composites.
Tiyo (°C) V0 (%/°C) x 10° x4 (%) Tg, (O v, (8°0) x 10° X, (%) Th, (O Vhey (%°C) x 10°

Matrix 67.4 + 0.7 222 + 12 18.0 194.0 + 0.7 184 + 4 70.0 3295+ 0.3 867 + 11

NHF-0.02 76.0 + 0.6 177 + 6 21.8 2252+ 05 180 + 3 66.2 330.8 + 0.1 1043 + 10

NHF-0.04 92,5+ 0.5 13242 255 2762 + 0.7 175 + 3 625 3314 + 0.2 1078 + 15

NHF-0.10 105.0 £ 0.2 126 + 1 263 304.0 + 0.1 174 + 1 61.1 329.0 + 0.1 1234+ 6
3.4. Water vapor permeability (WVP) Foeee Matrix

. . . 2,5 F— - — NHF-0.02 g
Fig. 6 shows the water vapor permeability (WVP) of the matrix F — NHF-0.04 - \
and composites. The addition of NHF produces a strong decrease in [ — NHF-0.10 - - PPN
WVP values as the filler content increases. The NHF-0.10composite 20 ' e L~ \ |
has a WVP value four times lower than the matrix. = - z e N
The literature describes the behavior of water vapor perme- — ~° - M

ability in a polymeric matrix as dependent simultaneously on the \% L5p a i'
product of water diffusivity and the partition coefficient (solubil- A [ ya 0
ity coefficient of water in the film) (Miiller, Yamashita, & Laurindo, O qof ya JPPPTE !|
2008). Thus, reducing the transport of water by diffusion through a ) [ . JPrL e H )
polymer (for example: incorporation of nanotubes) reduces its per- [ ./ JPtad : | |
meability. Furthermore, the dispersion degree of the nanoparticles 0.5 '/ i E i|
within the polymer matrix is related to the resulting barrier prop- ¥/ -’ ' ]
erties. On the other hand, reducing the solubility coefficient in the 0.0 -.'.'.'.. T T h

film can also cause a significant reduction in the water vapor perme-
ability. Our assumption that new glycerol-rich domains are formed
as a consequence of the interactions between the NHF, glycerol and
water could explain the reduction of the available hydroxyl groups
to incorporate more water molecules and so cause a reduction in
the water solubility coefficient of the composite films. The increas-
ing amount of the dry alpha phase mass fraction (xgry) caused by
the incorporation of NHF (see Table 3) correlates well with the
decreasing of the water vapor permeability in the composites.

3.5. Mechanical characterization

Fig. 7 shows typical nominal stress-strain curves obtained under
quasistatic uniaxial tensile loading conditions for the matrix and
the different composites investigated. All the materials exhibit non-
linear behavior until failure, which occurs without necking before
fracture. A significant improvement in Young’'s modulus (E), as
well as an enhancement in tensile strength (o) values, is obtained
with the increment of NHF concentration in the nanocomposites
(Table 4). The strain at break (¢5,) and tensile toughness, calculated

WVP (g/smPa) x 10"
MMM iy
A

000 002 004 006 008 0.10
Percentage weight ratio of filler (wt%)

Fig. 6. WVP of matrix and composites.

0 10 20 30 40 50 60 70 80 90 100
Strain (%)

Fig. 7. Stress-strain curves for the matrix and the composites.

Table 4
Mechanical properties of the matrix and composites.
E (MPa) oy (MPa) ep (%) Tensile
toughness x 106
(J/m?)
Matrix 23 +0.1 1.07 £+ 0.05 73 +£3 0.48 + 0.05
NHF-0.02 7.4 +£ 0.1 2.17 £ 0.05 88 +3 1.35 + 0.05
NHF-0.04 10.8 £ 0.1 2.55 £ 0.05 92 +3 1.73 + 0.05
NHF-010 11.0 £ 0.1 2.45 + 0.05 90 +£3 1.64 £+ 0.05

as the area under the stress-strain curves, are also fairly increased.
However, the trend of improvement holds until a nanofiller addi-
tion of 0.04 wt.% nanofiller; then a leveling off appears.

The overall mechanical behavior displayed by these composites
is consistent with the characterization of the structure of its compo-
nents made in previous sections. Crystallites of amylopectin B-type
together with MWCNTSs within the matrix increase the strength of
the composite. Besides, the hercynite nanoparticles anchored to the
nanotube wall ensure the stress transfer between the filler and the
matrix improving its toughness. At the high filler content (0.1 wt.%),
the incipient agglomeration reduces these synergistic actions and
the mechanical properties deterioration begins.

4. Conclusions

This research reports structure, thermal and mechanical prop-
erties, and water vapor permeability, of a nanocomposite materials
obtained from glycerol plasticized cassava starch as the matrix and
a suspension of MWCNT-hercynite hybrid as a model reinforcing
phase. The water dispersion of the nano-hybrid filler was obtained
by simple mixing of the components, without physical/chemical
functionalization or surfactants addition. The NHF has this property
as consequence of its relatively low isoelectric point.

Significant changes occur in the composite systems when the
NHF is homogeneously dispersed in the matrix. The analysis of the
results suggests that a selective partitioning of both plasticizers
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(glycerol and water) within the matrix around the hybrid occurs.
A migration of the plasticizers from the amylopectin-rich domains
toward the filler results and so, new glycerol-rich domains may
be created in the neighborhood of the filler/matrix interface. This
hinders the molecular mobility of amorphous amylopectin chains
inside of the depleted amylopectin-rich domains and induces
crystallization. The formation of these new glycerol-rich domains
reduces the amount of hydroxyl groups available for the incorpo-
ration of more water molecules causing a reduction in the water
solubility coefficient and the concomitant decreasing of water
vapor permeability of the composite films. This inherent higher
affinity between glycerol and water molecules induced by the NHF
surface accounts for the increase of the water loss temperature and
the degradation temperature of glycerol-rich domains, as well as
the decrease of both weight loss rates. Finally, the internal structure
of the composite material provides excellent mechanical properties
with high values of Young modulus, stress at break and toughness
showing the potentiality of this material in the packaging industry.
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