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a  b  s  t  r  a  c  t

Layered  double  hydroxide  prepared  with  lignosulfonate  (LDH/LS)  can  be easily  dispersed  down  to the
nanometric  scale  in thermoplastic  starch,  at concentration  of 1 up  to 4 wt%  of  LDH/LS.  They can  thus  be
used  as a bio-based  reinforcing  agent  of  thermoplastic  starch.  Incorporation  of LDH/LS  in starch  must
be  done  using  LDH/LS  slurry  instead  of  powder  on  order  to avoid  secondary  particles  aggregation,  the
water  of the  paste  being  used  as the  starch  plasticizer.  This  reinforced  starch  was  used  for  preparing  a
starch–polyolefine  composite.  LDH/LS–starch  nanocomposites  were  mixed  in  a  random  terpolymer  of
eywords:
ayered double hydroxide
ignosulfonate
tarch
anocomposite
olyethylene

ethylene,  butyl  acrylate  (6%)  and  maleic  anhydride  (3%)  at  concentrations  of 20  wt%  and  40  wt%.  With
a  20%  loading  of (1  wt%  LDH/LS  in  thermoplastic  starch),  the  ternary  copolymer  is partially  bio-based
while  keeping  nearly  its  original  processability  and  mechanical  properties  and  improving  oxygen  barrier
properties.  The  use  of layered  double  hydroxides  is  also  removing  most  odours  linked  to  the lignin  phase.
olymer blend

. Introduction

Starch has been extensively studied as a structural or functional
olymer because of its renewability, abundance and biodegradabil-

ty. A major breakthrough was the discovery of its thermoplasticity
hen processed with a low content of water or plasticizer, at

levated temperature and under mechanical action (Forssell,
ikkilä, Moates, & Parker, 1997). This opened the way to prepare

tarch-based polymer blends that are now commercially used
or a variety of applications like biodegradable packaging films.
uring the processing used for preparing thermoplastic starch, the
ative granular structure of starch is destroyed and amylose and
mylopectin are dispersed and more or less randomly distributed
n the medium, leading to an amorphous thermoplastic material
hat can recrystallise with time, but with crystalline structures
ifferent from the ones present in native starch granules (Bastioli,
998; Van Soest & Esser, 1997). However, thermoplastic starch

s suffering several drawbacks, the most important ones being its

oor mechanical properties and its sensitivity to water (Chaléat,
alley, & Truss, 2008; Follain, Joly, Dole, & Bliard, 2005). When the

ensitivity to moisture must be decreased, starch can be embedded
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in a matrix composed of a hydrophobic polymer. Regarding
mechanical properties, brittleness is decreased by the addition of a
plasticizer like water or glycerol, but this is degrading its mechan-
ical strength. To improve the low mechanical tensile properties, a
classical strategy consists on including soft or rigid small particles.
One possibility which has been widely studied is the use of nano-
sized particles. Such nanocomposites have met  a wide range of
applications in environmental (i.e. catalytic degradation, detection
of contaminants) (Zhao et al., 2011), optical (i.e. OLED, photovoltaic
cells) (Nguyen, 2011), biomedical (Armentano, Dottori, Fortunati,
Mattioli, & Kenny, 2010) or packaging (Tang, Kumar, Alavi, &
Sandeep, 2012) sectors. One advantage of nanocomposites is
the low content of fillers (less than 5 wt%) needed to match the
properties of conventional composites with much higher loadings.
Nanoscale fillers have a much higher surface area than conven-
tional fillers, increasing enormously the interactions between
filler and polymer matrix (Chivrac, Kadlecova, Pollet, & Avérous,
2006). Nanocomposites can be used to prepare light composites
having large modulus, low permeability, good thermal stability
or transparency. Nanofillers have at least one dimension in the
nanometric range, like clay, carbon nanotubes, graphene, or cel-
lulose nanowhiskers. Depending of process conditions and affinity
between fillers and matrices, different states of dispersion can be

obtained: (a) phase separated with aggregates called microcom-
posite, (b) intercalated where layers are uniformly dispersed but
remain ordered and (c) exfoliated when filler is fully and uniformly
dispersed and completely disoriented. Exfoliated structures are

dx.doi.org/10.1016/j.carbpol.2013.03.042
http://www.sciencedirect.com/science/journal/01448617
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lways the ultimate goal in nanocomposite compounding since
he best performances especially concerning barrier properties
hould be obtained (Vaia & Giannelis, 1997).

Starch filled with nanostructures has been studied in order
o improve mechanical stiffness, barrier properties and to reduce
ammability. Various types of inorganic layered fillers such as
ontmorillonite (Park et al., 2002), hectorite (Chen & Evans,

005), kaolin (Carvalho, Curvelo, & Agnelli, 2001) or layered
ouble hydroxide (Wu,  Chang, & Ma,  2011) have been tried.
torage modulus of starch nanocomposites was  found to be in
he following order, with the best results obtained for kaolinite:
aolinite > brucite > hectorite > layered double hydroxide (Wihelm,
ierakowski, Souza, & Wypych, 2003a). Property improvement is
ery much dependent on the possibility to obtain a good disper-
ion of nanofillers and a good interfacial adhesion between fillers
nd matrix. However, it was reported that clay is difficult to be dis-
ersed in starch (Bagdi, Muller, & Pukanszky, 2006; Chiou et al.,
006; Park, Lee, Park, Cho, & Ha, 2003). It was also reported that
lycerol, used as a starch plasticizer, had the tendency to pen-
trate clay fillers leading to non exfoliated structures (Wihelm,
ierakowski, Souza, & Wypych, 2003b). To improve the dispersion
f nanofillers into the starch matrix, the counter anion should be
ompatible with starch (Chivrac, Pollet, Schmutz, & Avérous, 2008).
andey and Singh (2005) studied different methods to prepare
tarch–clay nanocomposites, the best intercalation results being
btained with the incorporation of the plasticizer after mixing
tarch with clay since polymer chains can then migrate inside the
lay galleries before the plasticizer molecules.

Among the family of clay nanofillers, layered double hydrox-
des (LDH) present the advantage to be highly versatile with many
ptions for choosing the anionic organic interlayer molecules, giv-
ng a large variety of LDH hybrid materials (Leroux, 2006). Although
DH can be found in nature, they can also be synthetized to ful-
l specific requirement at relatively low cost (Utracki, Sepehr, &
occaleri, 2007). Layered double hydroxides are based on posi-
ively charged brucite-like sheets formed by the substitution of
ivalent to trivalent cations, leading to a positive charge sheet coun-
erbalanced by the presence of an anion in the interlayer space. A
revious study show that it is possible to used a widely available
y-product of the pulp industry, lignosulfonate, as the organo-
odifying molecule intercalated into layered double hydroxide

Hennous et al., 2013), having in mind that such formed fillers
re environmentally-friendly since MgAl-hydrotalcite is typically
nvisioned for drug delivery (Costantino, Nocchetti, Tammaro, &
ittoria, 2012) and as a gene reservoir (Oh, Park, Choi, & Choy,
012). Recently reported to organo-modify LDH platelets, alginate
another bio-related polymer) was found to improve the detec-
ion sensitivity of sensor-based systems (Sanchez-Paniaguar Lopez,
eroux, & Mousty, 2010) and the ion conductivity for polymer elec-
rolytes (Leroux, Chabrol, Morlat-Thérias, Gardette, & de Roy, 2012).
ignosulfonate are water-soluble anionic polyelectrolyte polymers
btained in large quantities. When not burned, they are mainly used
n making concrete for superplasticizing effect, in drilling fluids, and
s dispersants in various applications.

The aim of the present study is to study the preparation
f layered double hydroxide/lignosulfonate (LDH/LS)-reinforced
hermoplastic starch/polyethylene based polymer blends and to
valuate their interest, mainly considering gas barrier and mechan-
cal properties.

. Experimental
.1. Materials

Native corn starch was provided by Novamont (Italy). Calcium
ignosulfonate was kindly supplied by Tembec (France) as a brown
lymers 96 (2013) 91– 100

powder with a calcium content of 3% dry matter. Glycerol was an
analytical grade purchased from Sigma–Aldrich. Lotader 3210 is
a random terpolymer of ethylene, butyl acrylate (6%) and maleic
anhydride (3%) produced and kindly given by Arkema (France).

2.2. Preparation of LDH–lignosulfonate (LDH/LS)

LDH composition is Zn2Al and is prepared by a co-precipitation
method as explained in a previous article (Hennous et al., 2013).
The prepared LDH/LS mixture was kept in slurry form with 18% dry
matter.

2.3. Preparation of LDH/LS–thermoplastic corn starch (TCS)

Corn starch powder was first dried overnight at 70 ◦C under
vacuum to remove the free water (∼10 wt%  of the material). The
content of glycerol was  fixed at 35 wt% based on dry starch. Water
is used as co-plasticizer in the range of 15 wt%. The filler loading
levels of LDH/LS were 0, 1, 2, and 4 wt% based on dry starch. The
preparation of the thermoplastic starch mixture with glycerol and
LDH/LS was performed in two  steps. In the first step, a quantity of
LDH/LS mixture was dispersed into glycerol using vigorous mag-
netic stirring until complete dispersion of LDH/LS. Corn starch was
then mixed manually with the obtained plasticizer–nanofiller mix-
ture. In the second step, the total glycerol–starch–LDH/LS–water
mixture was  sheared in an internal mixer Haake Rheomix 600
equipped with roller rotors at 90 ◦C and 100 rpm for 20 min. The
LDH/LS–plasticized starch blends were injection moulded into ten-
sile test specimens using a MiniJet apparatus from ThermoFisher
at 160 ◦C, with the mould at 50–65 ◦C and injection pressure of
300–600 bars. Specimens were kept in a conditioning room at 20 ◦C
and 55% relative humidity before characterization. Part of blends
was kept as granulates for further blending with the Lotader ther-
moplastic and the other part was used to prepare test specimens
for X-ray scattering were compression moulded into pieces of
50 mm × 50 mm × 2 mm.

2.4. Preparation of Lotader-thermoplastic reinforced with
LDH/LS–TCS

LDH/LS–TCS granulates obtained as described previously and
Lotader 3210 were dried overnight at 50 ◦C under vacuum.
Lotader/(LDH/LS–TCS) nanocomposites were blended in an inter-
nal mixer Haake Rheomix 600 equipped with roller rotors at 140 ◦C
and 100 rpm for 10 min. Loadings of LDH/LS–TCS nanocompos-
ites into Lotader 3210 matrix were 20 and 40 wt%. The blends
were then compression moulded and (1) cut as tensile test speci-
mens ISO 527-1BA, or (2) into 20 mm circular specimens of 2 mm
thickness for rheology measurements, or (3) cut as test samples
of 50 mm × 50 mm × 2 mm  for water sensitivity measurement, or
(4) formed as 100 mm circular films of 400 �m thickness for O2
permeability measurements.

2.5. Characterization

2.5.1. Odour and volatile compound analyses
Odour and volatile organic compounds were determined with

an electronic nose HERACLES from Alpha M.O.S. (France). HERA-
CLES electronic nose is equipped with two  columns (DB5 apolar and
DB1701 slightly polar), 2 m length and 100 �m in diameter. Cali-
bration was done with alcane from n-hexane to n-hexadecane. Data

treatment was done with Alphasoft V12.3 software using AroChem-
Base database. Table 1 gives the parameters of analysis used for
lignosulfonate and lignosulfonate interleaved into Zn2Al layered
double hydroxide.
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Table 1
Parameters of HERACLES analysis used to study lignosulfonate and lignosulfonate
modified LDH.

Incubation
Sample weight 0.5 g
Incubation temperature 40 ◦C
Incubation time 20 min

Injection
Volume 1 mL
Injection temperature 170 ◦C
Injection time 12 s

Trap
Type Tenax®a

Trap temperature 250 ◦C
Chromatography

Program 40 ◦C (2 s)–270 ◦C (2 s) at 5 ◦C/s
Detector temperature 280 ◦C
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Table 2
Volatile compounds of lignosulfonate identified by Kovats retention index. A is pure
lignosulfonate, B is LDH/LS compounds.

Volatile compound Smell Ratio

Acetic acid Vinegar A � B
Butyric acid/furfural Cheese A � B
Carboxylic acid A � B
Acquisition time 50 s

a Tenax® is a porous polymer resin based on 2,6-diphenylene-oxide.

.5.2. X-ray diffraction (XRD)
X-ray diffraction measurements were performed on

ompressed squared specimens with dimension of
0 mm × 50 mm × 2 mm using a Siemens D500 X-ray diffrac-
ometer with Cu K� source. Measurements were performed
etween 2◦ and 70◦ with steps of 0.08◦ and an acquisition time
f 4 s. Crystallinity was determined following Hermans and
eidinger (1949): Xc = 1

1+(p/q′)(Ia/Ic) with p/q = 1.297.

.5.3. Transmission electron microscopy (TEM) and scanning
lectron microscopy (SEM)

Morphology observations were performed on a SEM-FEG (Field
mission Gun) ZEISS Supra 40 at acceleration voltage of 3 kV. Before
bservation, cryofractured Lotader/(LDH/LS–TCS) samples were
mmersed during 20 min  into an acid chloride solution concen-
rated at 5 N to remove the starch part. Samples were then washed
ith water and dried overnight at 50 ◦C. To avoid charge accu-
ulation effects, a thin layer of gold-palladium was  deposited by

puttering onto the surface of samples. The SEM micrographs were
sed to measure the diameter of dispersed phase by an automatic
ethod using the image analyser software Ellix (Microvision). Dis-

ersed object cuts were considered circular and approximated with
ircles from which diameters were extracted. Note that this method
aces the problem of conversion of a two-dimensional distribution
nto a three-dimensional one, cryofractured not cutting the dis-
ersed phase at the equator. For each sample, three micrographs
ere used and 70–700 diameter measurements were made.

TEM observations were done on cryomicrotomed surface
btained by cutting an injection bar with an ultracryomicrotome
eica FC7. Observations were done with a Jeol JEM 1400 at 120 kV.

.5.4. Rheological properties
Dynamic oscillatory rheometer measurements were performed

n a strain rate controlled ARES rheometer (TA Instruments)
ith plate–plate geometry (20 mm diameter, gap = 1.6 mm).  TCS,

DH/LS–TCS and Lotader, Lotader/(LDH/LS–TCS) formulations were
ubmitted to time sweep tests at 150 ◦C in order to evaluate thermal
tability and to strain sweep tests to determine the extend of the
inear domain. The deformation rate was fixed at 0.1% for TCS and
DH/LS–TCS blends and at 5% for Lotader and Lotader/(LDH/LS–TCS)
lends.

.5.5. Mechanical tests

Tensile strength, Young’s modulus and elongation at break were

easured according to ISO 527 standard on a Zwick universal
esting machine using a load cell of 2 kN and an extensome-
er. Crosshead speed of 1 mm/min  was used for Young’s modulus
2-Heptanol Mushroom B > A
2,5-Dimethylpyrazine Cacao A > B

determination and a speed of 5 mm/min after the elastic region. A
minimum of three tests were performed for each measurement.

2.5.6. Sensitivity to water and oxygen transmission rate (OTR)
Sensitivity to water was  measured by a gravimetric method. A

sample of dimension 50 mm × 50 mm × 2 mm was dried at 80 ◦C
under vacuum for 48 h and its initial dry weight was  measured. The
dry sample was then immersed in distilled water at room temper-
ature and its weight was measured at regular time intervals after
removing the surface water with paper until, weight stabilization
(∼310 h). The diffusion coefficient (m2 s−1) at short time was cal-
culated with Eq. (1) by plotting Mt/M∞ = f(t1/2) (Dufresne, Dupeyre,
& Vignon, 2000).

Mt

M∞
= 4

l

(
D

�

)1/2
t1/2 with l = half-thickness (m) (1)

Oxygen transmission rate (in cm3/(m2 day)) through the
nanocomposite films was  measured with a Systech 8700 device.
Sample surface area was 19.6 cm2 (a diameter of 50 mm)  with thick-
ness about 400 �m.

3. Results and discussion

3.1. LDH/LS odour characterization

Lignosulfonates as all lignin and most lignin derivatives have
a typical strong odour that can be a disadvantage for some appli-
cations, in particular if such compounds are placed in a confined,
warm environment such as a car in a sunny place. We  noticed a very
large difference of odour between the used lignosulfonate and its
LDH/LS counterpart. After intercalation into layered double hydrox-
ides, the characteristic odour seemed to have nearly disappeared.
An electronic nose was  used to qualify and quantify such change
of odour. Chromatograms obtained for pure lignosulfonate (A) and
LDH/LS compound (B) are shown in Fig. 1. Pure lignosulfonate has
a higher quantity of volatiles compounds. The major volatiles com-
pounds of lignosulfonate were identified using Kovats retention
index (Table 2).

Odour is suppressed due to the synthesis process. During the
washing stage of the intercalation process, compounds other than
lignosulfonates, including hemicelluloses, are not intercalated and
they are left in the washing bath. This cleaning process is strongly
reducing the odour of the LDH/LS. The presence of acetic acid and
furfural may  correspond to traces of the degradation of hemicellu-
losic components (Peters, Fischer, & Fischer, 2008) which are not
kept in the LDH/LS materials, underlining the role of LDH as an
efficient sieve towards organic molecule.

3.2. LDH/LS–TCS nanocomposite

3.2.1. Mixing process

Upon mixing, starch plasticization occured in a few together

with the simultaneous dispersion and distribution of LDH/LS.
Whatever the amount of LDH/LS fillers was, the final torque reached
a common value of about 20 Nm and a temperature of about 140 ◦C.
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Fig. 1. Chromatographs obtained by electronic nose analysis of LS (A – green) and LDH/L
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ig. 2. Optical aspects of nanocomposites films (50 mm × 50 mm × 2 mm)  prepared
y compression moulding.

his can be understood considering that the shear applied in an
nternal mixer can orient individual nanofillers but may  not orient
arge stack of layers (Chivrac et al., 2008). This may  explain that the
orque is nearly independent on LDH/LS concentration provided
hat an exfoliated state is reached. Mixtures had a brown colour
ue to the addition of LDH/LS particles but they were transparent
t all filler content except the highest one (4 wt%) (Fig. 2). This result
uggests the presence of well dispersed LDH/LS, very small particles
ithin the starch matrix.

.2.2. Characterization of the dispersion of LDH/LS in TCS by
-ray diffraction and transmission electron microscopy
50 mm × 50 mm × 2 mm samples were analyzed by X-ray
iffraction to evaluate the level of intercalation or exfoliation
f LDH/LS within the thermoplastic starch matrix. Fig. 3 shows

ig. 3. X-ray diffraction patterns of (A) LDH/LS, (B) native starch, (C) thermoplastic
orn starch, (D) thermoplastic corn starch, with 1 wt%  LDH/LS and (E) thermoplastic
orn starch with 4 wt% LDH/LS.
S compounds (B – red) with column DB-5 (a) and DB-1701 (b). (For interpretation
of this article.)

the diffraction pattern of LDH/LS nanofillers, thermoplastic starch
matrix and their nanocomposites with 1 and 4 wt%  loadings.

The diffraction peak at 3.6◦ for the pure LDH/LS corresponds
to an interlayer distance of 2.4 nm (calculate by Bragg’s law
2d sin(�) = n�). This value is in the range of thickness of lignosul-
fonate molecules (1.5–2.1 nm)  (Goring, Vuong, Gancet, & Chanzy,
1979), thus indicating a monolayer arrangement of LS inside LDH
galleries. Fig. 3 shows that no diffraction peak is observed with the
LDH/LS-filled TCS. This can be due to two  reasons. Either nanofillers
are well dispersed in an exfoliated state or the nanofiller concen-
tration (1–4 wt%) is too low to generate a measurable signal. As
will be seen later by TEM, LDH/LS is well exfoliated. Lignosulfonate
is known to strongly interact with a starch phase (Baumberger,
Lapierre, Monties, Lourdin, & Colonna, 1997; Morais, Curvelo, &
Zambon, 2005), and such strong interactions may help the de-
stacking of layer assembly, leading to an exfoliated structure. The
incorporation of nanofillers into thermoplastics is usually chang-
ing the crystallization behaviour of the material (Huang, Yu, & Ma,
2004). In our case, crystallinity is slightly reduced by the addition
of LDH/LS, from 12% for pure TCS to 10% for LDH/LS 1%–TCS and to
9% for LDH/LS 4%–TCS.

Starch has three main crystalline allomorphs called A, B and V.
The A and B structures have a double helical structure with six glu-
cose units per turn, with the A type having a monoclinic unit cell
while the B type has a hexagonal unit (Imberty, Buléon, Tran, &
Pérez, 1991). Cereal starch displays the A type while tuber starch is
of the B type. Having corn starch, we should expect to have the A
type in the native state, which is confirmed by the presence of char-
acteristic peaks at 14.8◦, 16.8◦, 17.8◦, 23◦ and 26.4◦ (Fig. 3 – curve
B). The V type is itself composed of many allomorphs, presenting
single left handed helices. It is mostly found after gelatinization or
destructuration leading to thermoplastic starch and is the sign of a
rearrangement of both amylose and amylopectine, called retrogra-
dation. It has been observed that glycerol plasticized amylose-rich
materials retrograde in B and V type mixtures (Myllarinen, Buléon,
Lahtinen, & Forssell, 2002). We  observed theses changes in our sam-
ples. While pure TCS is a mixture of B and Vh crystalline structures,
a commonly encountered situation, the TCS with 1 wt% LDH/LS has
only a Va structure while the loading with 4 wt% is a mix of Vh and
Va structures (Table 3).

Transmission electron microscopy images show a uniform dis-
persion of LDH/LS nanofillers within the thermoplastic starch
matrix for all filler contents. Dimension of the LDH/LS particles was

about 70 nm length and ∼3 nm thick corresponding to the LDH/LS
interlayer (Fig. 4), showing an exfoliated state. The platelet parti-
cles have an aspect ratio (lateral dimension over thickness) larger
than 20.
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Table 3
Diffraction peak allocation of TCS and TCS filled with LDH/LS.

Melt-blended Literaturea

No. figure 3 2� angle (◦) 2� angle (◦) Intensity Structure type

TCS 1 4,9 5.5 Medium B
2  13.1 13.3 Strong Vh
3  15 14.9 Weak
4  17 17 Medium
5  19.9 19.8 Very strong
6  22.6 22.6 Medium

LDH/LS 1%–TCS 1′ 7.9 7.9 Strong Va
2′ 13.5 13.4 Very strong
3′ 17.1 17.5 Medium
4′ 19.9 19.4 Medium
5′ 20.8 20.8 Very strong
6′ 25.8 26.3 Weak

LDH/LS 4%–TCS 1′′ 8.3 7.9 Strong Va
2′′ 13.1 13.4 Very strong Vh,

Va3′′ 17.4 17.5 Medium
4′′ 19.9 19.8 Very strong Vh
5′′ 20.7 20.8 Very strong Va
6′′ 22.6 22.6 Medium Vh

a Van Soest, Hulleman, and Vliegenthart (1996).
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Fig. 4. Transmission electron microscopy images of thermoplastic co

.2.3. Mechanical properties of TCS and LDH/LS–TCS
anocomposites

Table 4 gives the tensile properties (Young’s modulus, tensile
trength and elongation at break) for thermoplastic corn starch

TCS) and LDH/LS–TCS nanocomposites after two  weeks of sta-
ilization at 20 ◦C and 55% RH. The main results are that starch
ith 1 wt% LDH/LS shows an interesting property improvement

able 4
ensile properties of TCS and LDH/LS–TCS nanocomposite.

Young’s
modulus (MPa)

Stress at break
(MPa)

Elongation at
break (%)

TCS 7.3 (1.0) 2.7 (0.2) 61 (5)
LDH/LS 1%–TCS 10.2 (2.3) 3.2 (0.1) 100 (7)
LDH/LS 2%–TCS 2.3 (0.4) 1.7 (0.1) 101 (2)
LDH/LS 4%–TCS 1.5 (0.1) 1.4 (0.1) 104 (6)

ean value (standard deviation).
rch mixtures containing 1 wt%  of LDH/LS at different magnifications.

while higher LDH/LS concentrations exhibit degraded properties.
An increase of stiffness is observed with 1 wt% LDH/LS loading with
a 30% improvement, but a decrease of stiffness to low values at
2 and 4 wt% loading. The stress at break follows the same trend
with filler content where 1 wt% LDH/LS nanocomposite has a value
slightly larger than the one of thermoplastic corn starch (TCS) but
a strong decrease is observed at higher filler concentration. Sim-
ilar results were reported in literature for starch filled with LDH
where the stress at break increases when a low level of LDH load-
ing around 3 wt% is reached (Chung & Lai, 2010; Wu  et al., 2011).
Elongations at break are increased with LDH/LS loading whatever
the loading level is. No variation of elongation at break with concen-
tration is observed in case of exfoliated nanocomposites (Chivrac
et al., 2008), which is not the case here. One reason could be

that the addition of hydrophilic nanofiller able to build strong
polar interactions with water may  help to retain water molecules,
leading to a more plasticized material. Lignosulfonate is already
known to plasticize starch material (Baumberger et al., 1997).
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Fig. 5. Torque (a) and temperature (b) as a function of residence time during th

fter melt processing, thermoplastic starch undergoes retrogra-
ation which provides crystallization and reduces the elongation
t break (Van Soest, Hulleman, De Wit, & Vliegenthart, 1996; Van
oest, Hulleman, & Vliegenthart, 1996). Introduction of nanofillers
ay stop or reduce this re-crystallization process, a phenomenon

lready observed with starch–clay nanocomposite (Magalhães &
ndrade, 2009).

A large contribution of mechanical improvement is due to the
uality of the interfacial contact between fillers and the matrix at

 nanoscale level and to the overall morphology. The best com-
romise seems to be achieved for 1 wt% loading compare to 2
nd 4 wt%, resulting to a mechanical improvement of starch based
anocomposite only for the 1 wt% loading.

.3. Thermoplastic/(LDH/LS–TCS) composite

Lignosulfonates, as most lignin-based compounds, starts to
egrade at temperatures above 200 ◦C, much higher than the
rocessing temperature used during composite preparation (max-

mum temperature 140 ◦C).

.3.1. Mixing process
The LDH/LS based-starch nanocomposites with 1, 2 and 4 wt%

DH/LS were blended with a thermoplastic matrix, Lotader 3210.

his polyethylene matrix grafted with maleic anhydride was
elected because of the presence of anhydride maleic which should
acilitate adhesion between the two polymers by compatibilizing
he interface through a chemical reaction between the hydroxyl
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ng of Lotader 60%/TCS and Lotader 60%/TCS filled with LDH/LS (1, 2 and 4 wt%).

groups present in starch molecules and the anhydride groups (Liu,
Wang, & Sun, 2003). Fig. 5 shows the evolution of the torque and
temperature with residence time in the internal mixer during melt
processing. Temperature was regulated during processing in order
to keep the blend temperature under 160 ◦C for avoiding starch
degradation. Mixing time was also limited to 10 min for the same
reason. After a first sharp increase of torque corresponding to the
introduction of the two  components in the mixer chamber, torque
decreases due to the melting of the thermoplastic polymer. Without
starch, this torque is then constant with time. When LDH/LS–TCS is
present, the torque increase is interpreted as the dispersion and dis-
tribution of LDH/LS–TCS in the molten thermoplastic polymer. This
process takes about two minutes after which the torque is nearly
constant with time. However, in some cases, a small decrease of
torque with time is seen, as a sign of a slight degradation of starch
(as evidenced on C, Fig. 5a).

The final torque value increases with LDH/LS nanofiller con-
centration as expected, since viscosity of the LDH/LS-filled
thermoplastic starch is increasing with filler concentration. All for-
mulations have a homogeneous visual aspect from cream-white to
brown colour.

3.3.2. Mechanical properties of thermoplastic/(LDH/LS–TCS)

blends

The tensile properties of four samples were measured after
storage in a conditioning room (20 ◦C–55% RH). Table 5 shows
the tensile properties obtained for Lotader/(LDH/LS–TCS) with two
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Fig. 7. Scanning electron micrographs of Lotader 80%/TCS (a), Lotader 60%/TC

omposition ratios 80/20 and 60/40 by weight, the properties for
ure Lotader and unfilled TCS being reported for comparison.

The addition of 20 wt% of TCS into a Lotader matrix decreases
he mechanical properties. Surprisingly, a Young’s modulus close
o the pure Lotader was recorded with 40 wt% starch replacement,
hile strength and elongation at break were strongly decreased.

able 5 shows that the most interesting blends are with 20 wt%  of
tarch-based content. Whatever the LDH/LS loadings into TCS are,
he mechanical properties of the blends with Lotader are in the
ange of pure Lotader. A clear reinforcement is already observed
t LDH/LS content as small as 1 wt% into starch. Tensile strength
s around 76.9 MPa  for Lotader/(LDH/LS 1%–TCS), much higher
han for Lotader/TCS (38.7 MPa). Tensile strength and elongation
t break for Lotader 80%/(LDH/LS–TCS) are similar to pure Lotader.
mprovement in tensile strength can be attributed to the forma-
ion of a three-dimensional network reinforcing the blend through

 percolation mechanism (Raquez, Nabar, Narayan, & Dubois, 2011).
DH contents of 2 and 4 wt% are not presenting any advantage com-

ared to content of 1 wt%, somehow in slight discrepancy with
n usually reported optimal loading of around 3 wt%. Classically,
he non exfoliated nanofiller fraction increases with filling con-
ent, forming large aggregates and leading to more brittleness of

able 5
ensile properties of Lotader, TCS and Lotader/TCS with 0, 1, 2 and 4 wt% LDH/LS materia

Young’s modulus (MPa) 

References
Lotader 3210 41.3 (1.8) 

TCS  7.3 (1.0) 

80/20
Lotader/TCS 27.5 (0.5) 

Lotader/(LDH/LS 1%–TCS) 31.5 (0.8) 

Lotader/(LDH/LS 2%–TCS) 32.1 (1.4) 

Lotader/(LDH/LS 4%–TCS) 32.3 (1.3) 

60/40
Lotader/TCS 45.5 (2.7)
Lotader/(LDH/LS 1%–TCS) 38.9 (1.2) 

Lotader/(LDH/LS 2%–TCS) 39.3 (1.6) 

Lotader/(LDH/LS 4%–TCS) 42.1 (3.4) 

ean value (standard deviation).
and Lotader 80%/(LDH/LS 1%–TCS) (c), and Lotader 60%/(LDH/LS 2%–TCS) (d).

nanocomposites (Alexandre & Dubois, 2000). A similar trend is
obtained for the blends using 40% starch-based fraction.

3.3.3. Rheological properties of thermoplastic/(LDH/LS–TCS)
blend

Morphology development in incompatible polymer blends is
a function of stress, strain, flow type, interfacial tension, and
viscosity and elasticity ratios between both phases. Therefore rhe-
ology is a marker of both morphology and interactions between
phases. TCS and LDH/LS–TCS composites and their blends with
Lotader were studied in order to correlate the rheological prop-
erties with the mechanical results described above. Fig. 9 shows
the dynamic viscosity of pure TCS, LDH/LS 2%–TCS, pure Lotader,
Lotader 80%/TCS blend and Lotader 80%/(LDH/LS 2%–TCS) blend.
TCS behaves like a jelly materials under test conditions, with a
linear viscosity–frequency curve adopting a slope of −1 and low
tangent delta (G′ much higher than G′′). Lotader is a classical vis-
coelastic polymer. Mixing with 2% of LDH/LS slightly decreases the

strength of the TCS gel while on the contrary it increases the vis-
cosity of Lotader. The interesting point is that the addition of starch
filled with LDH/LS strongly increases the viscosity of Lotader, much
more than the addition of unloaded pure thermoplastic starch. This

ls.

Tensile strength (MPa) Elongation at break (%)

80.0 (2.8) 229 (3)
2.7 (0.2) 61 (5)

38.7 (4.8) 183 (11)
76.9 (7.6) 221 (7)
77.6 (9.3) 214 (8)
74.3 (8.2) 202 (8)

16.8 (0.9) 91 (8)
20.6 (2.8) 106 (13)
21.2 (8.1) 104 (32)
24.4 (4.8) 112 (14)
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Fig. 8. Distribution of the diameter of the dispersed starch phase into the Lotader
8 E. Privas et al. / Carbohyd

uggests that LDH/LS is interacting with Lotader. As a matter of fact,
DH/LS affects strongly the interactions between the constituents
f Lotader/(LDH/LS–starch) blends as observed both by rheology
nd mechanical analysis.

The viscosity ratio measured in oscillatory mode are very
igh, about 23 for Lotader 80%/TCS blends and 12 for Lotader
0%/(LDH/LS 2%–TCS) blends (at 50 s−1) (Fig. 6). This should not
llow any breakage of drops and thus any refining of the blend mor-
hology under shear since viscosity ratios larger than four do not
ermit drop deformation and break-up for Newtonian materials
Grace, 1982). However, as said, such data are not fully repre-
entative of the viscosity developed inside the mixer under large
eformations.

.3.4. Morphologies of Lotader/(LDH/LS–TCS) blends
As shown on Fig. 7, a uniform dispersion of LDH/LS particles in

he thermoplastic starch matrix is observed for all filler contents,
ith dimension of the LDH/LS particles of about 70 nm length and
3 nm thick.

In the Lotader/starch blends, the major component Lotader is
he matrix and TCS is the dispersed phase. The morphology is a
ne and homogeneous dispersion of starch particles with diame-
ers below 0.5 �m.  Such a low diameter range for dispersed phase
s in large part due to the presence of anhydride maleic, which per-

its to decrease the interfacial tension between hydrophilic starch
ispersed phase and the hydrophobic polyethylene part of Lotader
atrix.
The analysis of SEM pictures shows that the mean diame-

er of the starch inclusions in Lotader/starch blends containing
0 wt% (Fig. 8, curve A) and 40 wt% (Fig. 8, curve B) of starch, were
.3 �m and 0.5 �m respectively, consistent with literature data
Bastioli et al., 1997) and in agreement with the fact that increasing
tarch content increases the size of the dispersed phase (Bikiaris &
anayiotou, 1998).

TCS (Fig. 8, curve A) and LDH/LS 1%–TCS nanocomposite (Fig. 8,
urve C) have nearly the same mean diameter of inclusions, around
.3 �m.  When the LDH/LS content increases, the mean diameter is
educed down to about 0.2 �m for LDH/LS 2%–TCS (Fig. 8 curve D)
nd LDH/LS 4%–TCS (Fig. 8, curve E).

.3.5. Sensitivity to water and O2
Water solubility is an important property in the field of pack-

ging. Most of the time, packaging requires water insolubility to

revent product degradation, but at the same time, it requires hav-

ng good oxygen barrier properties.
Cumulative water intakes of pure Lotader and 80% Lotader/TCS

lend after 310 h are respectively 0.4% and 2.5%, this last value
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Fig. 9. Water diffusion coefficient (a) and equilibrium water intake (b)
matrix for Lotader 80%/TCS (A), Lotader 60%/TCS (B), Lotader 80%/(LDH/LS 1%–TCS)
(C), Lotader 80%/(LDH/LS 2%–TCS) (D), and Lotader 80%/(LDH/LS 4%–TCS) (E).

being due to the hydrophilic character of the starch phase. As far as
water intake is concerned, blends prepared with a concentration of
20 wt% of LDH/LS–TCS have the same water intake than Lotader/TCS
blends (Fig. 9b). For a starch phase content of 40 wt%, the addition
of layered double hydroxides decreases by a factor of five the water
diffusion coefficient and by half the maximum water intake after
310 h.

From 1 to 4 wt%, the blends absorb less water as the concen-
tration of the filler increases. In Lotader/starch blends, the phase
responsible to water sensitivity is starch which is very hygro-
scopic. LDH/LS nanofillers probably form hydrogen bonds with
starch which may  reduce the amount of hydroxyl groups acces-
sible to water molecules. Similar results have been reported with
starch nanocomposites prepared with montmorillonite or kaolin
(Carvalho et al., 2001; Huang et al., 2004).

In spite of the hydrophilicity of the layered double hydrox-
ide/lignosulfonate fillers, the equilibrium moisture uptake was
found to decrease with the addition of LDH/LS compare to the neat
Lotader/TCS blend. Such a result could be due to the morphology
of nanocomposite. Addition of nanofillers creates a tortuous path
which decreases the diffusion coefficient (Fig. 9a) (Cyras, Manfredi,
Ton-That, & Vázquez, 2008).
Oxygen transmission rate was  measured on blend and on their
nanocomposites. First, the influence of TCS content in Lotader was
studied (Fig. 10a). The increase of starch phase (from 20 to 40 wt%)
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ecreases drastically the oxygen transmission rate of the blend. It
s already well know that thermoplastic starch has a low oxygen
ransmission rate (∼150 cm3/(m2 day)) compared to polyethylene
LDPE ∼10,000 cm3/(m2 day)), which is the main component of
otader. The addition of LDH/LS decreases further the oxygen trans-
ission rate, probably due to the tortuous platelet topology already

dvocated for the better resistance to water intake.

. Conclusions

The incorporation of layered double hydroxide organo-modified
y lignosulfonate (LDH/LS) into thermoplastic starch is an easy and
traightforward process, resulting in a homogeneous dispersion of
he LDH at the nanoscale range and reaching a nearly complete
xfoliation. The use of LDH in a slurry form during preparation
voids the formation of LDH aggregates. The odour characteristic
f lignosulfonate is largely attenuated due to the preparation pro-
ess of these LDH. When thermoplastic starch is filled with a small
mount of LDH/LS, as low as 1 wt%, a significant change of mechan-
cal properties occurs, as well as an increase of oxygen and water
arrier properties. This is a remarkable effect with expends the pos-
ibilities to use such reinforced thermoplastic starch as a filler in
olymer composites. This was illustrated by preparing composites
ith 20 wt% of LDH/LS–TCS in a polyolefin matrix. Despite the addi-

ion of starch, the composite has mechanical properties close to the
nes of the pure polyolefine matrix while improving oxygen barrier
roperties.
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