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a  b  s  t  r  a  c  t

Microcrystalline  zirconium  phosphate  was  exfoliated  by  treatment  with  aqueous  solutions  of
�,�-alkylaminoalcohols  and  employed  for the fabrication  of potato  starch  composite  membranes.
Glycerol-based  and  glycerol-free  composite  membranes,  containing  5 wt%  of  filler,  were  prepared  from
gelatinized  starch  and  characterized  for their  physico-chemical  properties.  Despite  of  a partial  filler  reag-
gregation,  as  revealed  by XRD  and  SEM analysis,  all the  composites  exhibited  a significant  increase  in  the
Young’s  modulus  with  respect  to  the  glycerol-starch  membrane,  up  to 80%  and  190%  for  the  glycerol-
eywords:
tarch
irconium phosphate
minoalcohol
omposite membrane
echanical properties

based  and  the glycerol-free  composites,  respectively.  For  both  kinds  of  membranes  the  filler  delays  to a
large  extent  the  starch  decomposition  above  about  300 ◦C. A significant  reduction  in  the water  uptake  of
the  composites  was  also  observed  with  respect  to  the  neat  glycerol-based  membrane,  up  to  about  70%
for the  glycerol-free  composites.

© 2013 Elsevier Ltd. All rights reserved.

ater uptake

. Introduction

Starch is an agricultural feedstock biopolymer found in a variety
f plants. Its granules are actually formed by one branched (amy-
opectin) and one linear (amylose) polymer. It can be used as a
atural filler material in the form of granules which can be incor-
orated into synthetic plastic matrices as rapidly biodegradable
omponents (Kolybaba et al., 2003), or as biodegradable matrix,
or the production of plastic materials. Starch-based plastics often
ontain glycerol or similar hydrophilic organic molecules, which
re used as plasticizers to increase softness and pliability, but
educing, at the same time, mechanical strength and moisture sta-
ility (Talja, Helen, Roos, & Jouppila, 2007; Vieira, da Silva, dos
antos, & Beppu, 2011). Several examples in the literature report
n improvement of the mechanical stability of plasticized starch
lms by incorporation of inorganic fillers, among which layered
aterials such as clays and zirconium phosphates (ZP) and phos-

honates (Donnadio, Pica, Taddei, & Vivani, 2012; Pica, Donnadio,
 Casciola, 2012). More specifically, recent works demonstrated

hat high aspect ratio ZP particles allow to improve the mechani-
al strength and to reduce the water uptake of glycerol-plasticized

otato starch films (Pica et al., 2012), while zirconium phosphonate
articles, bearing hydroxyalkyl amino phosphonic groups cova-

ently bonded to the inorganic layers, allow to obtain flexible starch

∗ Corresponding author. Tel.: +39 075 585 5564; fax: +39 075 585 5566.
E-mail address: monica.pica@unipg.it (M.  Pica).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.04.078
films without using any plasticizing agent and exhibiting superior
mechanical and thermal properties with respect to glycerol-starch
films (Donnadio et al., 2012). Both these approaches exhibit advan-
tages and drawbacks. On one hand ZP results to be an extremely
versatile filler, since it is possible to effectively control the particle
morphology, in particular the aspect ratio, by a suitable selection
of the starting materials; on the other hand, due to the stiffness
of the ZP particles, the use of plasticizing agents, such as glycerol,
is generally required for the preparation of starch-based films. Dif-
ferently, zirconium hydroxyalkyl amino phosphonates turned to be
able to act both as reinforcing agent and as plasticizers for the starch
matrix, allowing to obtain resistant films with good plastic proper-
ties; at the same time, the difficulty to control the morphology of
the zirconium phosphonate particles did not allow to obtain a good
degree of dispersion of the filler and, then, to reduce its loading
within the starch matrix. Taking into account these considerations,
it seemed of interest to combine the advantages deriving from the
use of an extremely versatile filler, such as ZP, with those arising
from the presence of organic species which should be able to inter-
act with both ZP and starch, in order to obtain new glycerol-free
starch composites.

In the present work, high aspect ratio ZP particles function-
alized with aliphatic �,�-aminoalcohols (NH2(CH2)nOH, n = 3–6,
hereafter indicated as Cn) were used as fillers for a potato starch

matrix. Differently from the previous work, in which the aminoal-
cohol functionalities were covalently anchored to the inorganic
layer starting from preformed hydroxyalkyl amino phosphonates,
in this case aminoalcohol functionalized ZP was obtained through

dx.doi.org/10.1016/j.carbpol.2013.04.078
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.carbpol.2013.04.078&domain=pdf
mailto:monica.pica@unipg.it
dx.doi.org/10.1016/j.carbpol.2013.04.078
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 simpler and more versatile synthetic approach based on the
minoalcohol intercalation into preformed ZP. The aminoalcohol
olecules, which are bonded to the ZP layers through ionic inter-

ctions involving the PO− and the NH3
+ groups, are expected

o act both as compatibilizers and as plasticizers for the polymer
atrix through the hydroxyl groups which should form hydrogen

onds with the starch OH groups. In order to investigate the ability
f aliphatic aminoalcohols to act also as plasticizers for the starch
atrix, glycerol-free starch membranes containing functionalized

P particles were prepared, together with glycerol-based compos-
tes. The samples were characterized by structural, morphological
nd thermal analysis, mechanical tests and water uptake measure-
ents.

. Experimental

.1. Materials

Native potato starch (amylose about 20%, amylopectin about
0%) was kindly supplied by Novamont. Zirconyl propionate
ZrO1.27(C2H5COO)1.46, MW = 218 Da) was supplied by MEL  Chem-
cals, England. All other reagents were supplied by Aldrich.

.2. Preparation of ˛-Zr(HPO4)2·H2O (ZP)

Microrystalline �-Zr(HPO4)2·H2O, consisting of platelets with
n average planar size of 2-3 �m,  was prepared as reported by
apitani, Casciola, Donnadio, and Vivani (2010). 0.88 g of zirconyl
ropionate was solubilized, under stirring at room temperature, in
5 mL  of an aqueous solution of oxalic acid so that the Zr(IV) con-
entration was 0.1 M and the H2C2O4/Zr molar ratio was  10. Then
.43 mL  of 14.8 M H3PO4 was added so that the H3PO4/Zr molar
atio was 6. The resulting solution was heated for 24 h at 80 ◦C
n a closed plastic bottle. The precipitate thus obtained was sep-
rated from the solution by centrifugation at 3000 rpm, washed
hree times with 10−3 M HCl, dried overnight at 80 ◦C, and finally
ept in a desiccator over a saturated Mg(NO3)2·6H2O solution (53%
elative humidity,RH).

.3. Preparation of the colloidal dispersions of ZP and
,�-alkylaminoalcohols (Cn, n = 3–6)

Four colloidal dispersions of ZP containing the same amounts
f Cn were prepared as follows: 0.25 g of microcrystalline ZP was
uspended in 16.3 mL  of deionised water. Then, 8.6 mL  of a 0.1 M
olution of Cn was added dropwise and under vigorous stirring to
he previous suspension, so that the Cn/Zr molar ratio was 1. Col-
oidal dispersions of ZP·Cn (hereafter ZP·Cn), were obtained and
eft under stirring for 24 h. In order to prove that the aminoalco-
ol molecules are quantitatively taken up by ZP, the pH of both
n solutions and ZP·Cn dispersions was measured. As an example,
he pH of the 0.1 M C3 solution was 10.7, while that of the disper-
ions obtained after the reaction of ZP with C3 was 6.5 ± 0.2 and in
ll cases was in the range 6-7, thus indicating that the fraction of
eutral Cn molecules in the solution is negligible.

.4. Preparation of the composite starch membranes containing
P·Cn

Starch films, plasticized with glycerol, containing 5 wt%  ZP·Cn

hereafter GS/ZP·Cn) were prepared as follows. One gram of NS
as dispersed in 25 mL  of water and heated at 90 ◦C for 10 min

ntil gelatinization occurred. A weighed amount of the ZP·Cn dis-
ersion was added to the starch gelatine and the mixture was  left
t 90 ◦C under stirring for 20 min; then a glycerol amount of 0.25 g
as added to the previous mixture and left at 90 ◦C under stirring
mers 97 (2013) 210– 216 211

for 20 min. The final dispersion was  cast on a polystyrene dish and
left in an oven at 40 ◦C overnight.

By using the same kind of procedure a starch/glycerol film (here-
after GS), a glycerol free starch film (S) and glycerol-free composite
starch films containing the same amount of ZP·Cn per gram of starch
were also prepared: these composites will be hereafter indicated as
S/ZP·Cn. Due to its high rigidity and brittleness, which hampered the
film handling, the S sample was  used only to compare the structural
and thermal properties. All films were 95–105 �m thick.

2.5. Techniques

2.5.1. X-ray diffraction
X-ray diffraction patterns of powders and cast films were col-

lected with a Philips X-Pert powder diffractometer, a PW3020
goniometer equipped with a bent graphite monochromator on the
diffracted beam, a PW3011 detector using the Cu-K� radiation
source with 2� step size of 0.030◦ and step scan of 0.5 s. The LFF
ceramic tube operated at 40 kV, 30 mA.

The crystallite size (t), along the c-axis, were determined apply-
ing the Scherrer equation, t = K�/ˇcos �, in which K was  set to 0.9,
and � = 1.5406 Å. The integral breadths of the (0 0 2) peaks, ˇ, were
evaluated for all the samples by fitting the peaks with a pseudo-
Voigt function, and corrected for the instrumental broadening
contribution, that was  previously evaluated by the Rietveld refine-
ment of the profile of lanthanum hexaboride, LaB6, as external peak
profile standard. LaB6 was  provided by The Gem Dugout–Deane K.
Smith, 1652 Princeton Drive, State College, PA 16803.

2.5.2. Thermogravimetric analysis
Thermogravimetric determinations were carried out by a NET-

ZSCH STA 449 Jupiter thermal analyser connected to a NETZSCH
TASC 414/3 A controller at a heating rate of 10 ◦C/min, with an air
flow of about 30 mL/min. Before measurements, all samples were
equilibrated at 33% R.H.

2.5.3. SEM analysis
Scanning electron microscopy (SEM) images were collected by a

Zeiss LEO 1525 FE SEM. The composite films were fractured in liquid
N2. All samples were coated with a thin layer of carbon before SEM
observation.

2.5.4. Mechanical tests
Mechanical tests were carried out by a Zwick Roell Z1.0 testing

machine, with a 200 N static load cell. Young’s modulus (slope of
stress–strain curve at low values of strain), tensile strength (max-
imum force used during measurement) and elongation at break
(ratio of elongation to original length of sample at break) were
measured on rectangle shaped film stripes, obtained by a cut-
ting machine, length and width of which were 100 mm and 5 mm,
respectively. Before testing, samples were equilibrated for 7 days
in vacuum desiccators at 33% RH and room temperature (20–23 ◦C)
and the thickness of the film stripe, determined with an uncertainty
of ±5 �m,  was  in the range 95-105 �m.  An initial grip separation of
10.000 ± 0.002 mm and a crosshead speed of 5 mm/min was  used.
All tests were carried out at room temperature (20–23 ◦C). Both the
uncertainty, deriving from the sample size determination, and the
standard deviation, resulting from the analysis of five film stripes
for each sample, were considered for statistical analysis. The data
were elaborated by the TestXpert V11.0 Master software.

2.5.5. Water vapour uptake

The samples were dehydrated over P2O5 before being con-

ditioned in the presence of water vapour. Then, films were
equilibrated, at room temperature, at 90% RH for one week. The
water uptakes (%w.u.) were calculated from the increase in mass
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Fig. 1. Images of an S/ZP·C6 (a and c) and a GS/ZP·C3 (b) membrane.
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Fig. 2. SEM image of pristine ZP (a); a GS/ZP·C3 membran

f the dried samples (Chung et al., 2010), by using the following
quation:

w.u.  = w90 − wan

wan
× 100

here w90 is the weight of the samples equilibrated at 90% RH, wan

s the weight of the samples dehydrated over P2O5.

. Results and discussion

It is well known that the presence of HPO4 groups in ZP allows
he exchange of the proton with a large variety of cationic species,
ven organic cations (Clearfield & Costantino, 1996), as well as
he intercalation of basic molecules in the interlayer region. As

 matter of fact, when an aqueous propylamine (Pr) solution is
dded dropwise to a ZP suspension, a transition from a two-phase
ZP and water) to a one-phase system (ZP·Pr dispersion in water)
s observed. Since propylamine intercalation leaves the ZP layers
naltered, it was concluded that this dispersion originates from ZP
xfoliation, leading to the formation of very thin particles made
f single lamellae or packets of few ZP layers (Alberti, Casciola, &
ostantino, 1985), having an aspect ratio higher than that of the
ristine ZP.

In the present work four colloidal ZP·Cn dispersions have
een prepared by using aqueous Cn solutions, with n = 3–6: the
minoalcohol molecules are quantitatively taken up by ZP (Benes,
elanova, Zima, Patrono, & Galli, 2003) and promote the layer

eparation. Although quantitative information on the exfoliation
egree of ZP·Cn is not available, it can be considered that, similarly
o ZP·Pr dispersions (Casciola et al., 2005), the treatment of ZP·Cn
ispersions with 1 M HCl solution leads to the regeneration of the
morphous H+-form of ZP. This suggests a high degree of ZP·Cn exfo-
iation which, due to the fast layer reaggregation, gives rise to the
ormation of amorphous ZP.
ected with secondary (b) and backscattered (c) electrons.

The ZP·Cn colloidal dispersions were used to prepare two series
of composite potato starch membranes by solution casting: the first
series (hereafter S/ZP·Cn) did not contain any organic plasticizer,
while the second series of membranes (hereafter GS/ZP·Cn) con-
tained also 25 wt% of glycerol with respect to starch. In order to
verify the stability of the ZP·Cn dispersions in the same conditions
employed for the membrane fabrication, both Cn solutions and
ZP·Cn dispersions were heated at 90 ◦C for at least 20 min  and then
the pH was  measured. As an example, the pH of the hot ZP·C3 disper-
sion was 6.2 ± 0.2, while the pH of the hot C3 solution was  9.9 ± 0.2,
thus proving that the aminoalcohol molecules remain anchored to
the ZP layers and that the fraction of neutral C3 molecules in the
solution is negligible also in these conditions. Similar results were
obtained for the other ZP·Cn dispersions and Cn solutions.

Fig. 1a shows an S/ZP·C6 membrane, while Fig. 1b shows a
GS/ZP·C3 membrane. Both membranes appear macroscopically
homogeneous and transparent. Moreover, Fig. 1c shows that the
sample S/ZP·C6 exhibits also a good flexibility, even though it does
not contain glycerol. This is a remarkable result, especially if one
considers that starch membranes filled with naked ZP particles,
as well as starch membranes containing the same amount of Cn

employed for the S/ZP·Cn composites, turned to be highly brittle
and hard to handle. These findings indicate that the flexibility of
the S/ZP·Cn composites is due to the simultaneous presence of the
inorganic nanoparticles and Cn molecules anchored on their sur-
face, so that the filler plays to some extent the same role as glycerol
and can be considered as a solid plasticizer of the starch matrix.

3.1. Electron microscopy analysis

Fig. 2a shows the SEM image of the ZP pristine material used in

the present work, consisting of aggregates of thin platelets with an
average planar size of 2-3 �m.  Fig. 2b and c show the SEM images
of a GS/ZP·C3 membrane. The image collected with secondary elec-
trons (Fig. 2b) shows a dense and homogeneous matrix, indicating
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Table 1
Interlayer distances, in Å, for ZP·Cn intercalation compounds, S/ZP·Cn and GS/ZP·Cn

composites, compared with those reported in the literature (Benes et al., 2003) for
Phase 1 of amino alcohol intercalated ZP.

n ZP·Cn S/ZP·Cn GS/ZP·Cn Phase 1

3 11.6 11.7 11.6 11.7
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Table 2
Average thickness of the crystalline domains of ZP·Cn in the GS/ZP·Cn and GS/ZP·Cn

composites.

Sample t1 (nm) Sample t2 (nm)

GS/ZP·C3 11 S/ZP·C3 14
GS/ZP·C4 12 S/ZP·C4 14
4  12.0 11.8 11.8 12.0
5  13.5 13.5 13.3 13.8
6  14.5 14.3 14.3 14.3

hat the native starch granules were destroyed and formed a con-
inuous phase with glycerol. The image collected in backscattering
Fig. 2c) reveals the presence of bright spots due to micrometric
nd submicrometric filler aggregates dispersed within the polymer
atrix, indicating that the filler is present in a partially aggregate

tate.

.2. X-ray diffraction analysis

Fig. 3 displays the X-ray diffraction patterns of GS/ZP·Cn (A) and
/ZP·Cn (B) samples. The patterns of all composites show reflections
t low 2� values that do not appear in the pattern of starch. These
eflections, ascribed to the stacking of the �-layers of ZP·Cn, were
lso observed in the X-ray patterns of the solids obtained by heating
o dryness the ZP·Cn dispersions under the same conditions used
or the membrane preparation. Moreover, the interlayer distances
ssociated with these reflections (Table 1) are nearly coincident
ith the interlayer distances of ZP intercalation compounds con-

aining one aminoalcohol per Zr atom (Phase 1 of Benes et al., 2003).
esides the peak of the Phase 1, the X-ray patterns of GS/ZP·C4 and
/ZP·C4 (Fig. 3, curves (b)) show an additional peak which, accord-
ng to Benes et al., is characteristic of an intercalation compound
aving composition Zr(HPO4)2·0.5C4. All these findings show that,
hen the solvent is removed from the polymer–filler dispersions,

he filler tends to reaggregate with formation of crystalline domains
f aminolacohol intercalated ZP, without co-intercalation of starch
nd/or glycerol.

It is also noteworthy that the patterns of the composite films
nly show the reflections due to the (0 0 2) crystallographic planes
f the filler, thus indicating that the intensity of these reflections is
ignificantly affected by preferred orientation of the lamellar filler
arallel to the film surface. It must also be recalled that preferred
rientation effects generally increase with increasing the particle
spect ratio (Capitani et al., 2010): specifically, the planar size of the
ayers being the same, preferred orientation is expected to increase
ith decreasing the thickness of the crystalline domains along the
ayer packing direction. In the presence of these effects, it is not pos-
ible to quantify the degree of filler aggregation by X-ray analysis.
owever, some general considerations can be done by evaluating

Fig. 3. X-ray diffraction patterns of: (A) GS/ZP·C3 (a). GS/ZP·C4 (b), GS/ZP·C5
GS/ZP·C5 27 S/ZP·C5 34
GS/ZP·C6 53 S/ZP·C6 32

the following parameters that are obtained from the analysis of the
(0 0 2) reflection of the X-ray patterns:

- the average thickness of the filler crystalline domains (here-
after indicated as t), along the direction of layer packing, for the
GS/ZP·Cn (t1) and the S/ZP·Cn (t2) samples;

- the area of the (0 0 2) reflection, hereafter indicated as A1 for the
GS/ZP·Cn and as A2 for S/ZP·Cn.

Since the X-ray patterns of GS/ZP·C4 and S/ZP·C4 showed the
presence of two (0 0 2) reflections having area Aa and Ab, corre-
sponding to two crystalline domains having thickness ta and tb, the
weighted average of the crystallite thickness was considered and
calculated as follows:

t = (taAa + tbAb)/(Aa + Ab)

The total area of the two peaks (Aa + Ab) in GS/ZP·C4 and S/ZP·C4
was instead considered for the calculation of A1 and A2.

Table 2 reports the average thickness of the crystalline domains
of ZP·Cn in the glycerol-based and glycerol-free composites. In both
series of membranes the crystallite size increases with increasing
the alkyl chain length of the aminoalcohol, especially in the pres-
ence of glycerol. This is probably due to the fact that, with increasing
the alkyl chain length, chain–chain interactions become progres-
sively more intense and promote layer aggregation. In support of
this hypothesis there is the fact that a similar increase in the crys-
tallite thickness was  observed for the dried ZP·Cn dispersions with
increasing the aminoalcohol chain length.

To further highlight the filler behavior in the presence and in
the absence of glycerol, the A1/A2 ratio was plotted as function of n
and reported in Fig. 4.

Taking into account that the size of the crystalline domains is
nearly independent of the presence of glycerol in the ZP·C3, ZP·C4
and ZP·C5 composites, it can be reasonably assumed that preferred
orientation effects are similar in these glycerol-free and glycerol-

based composites, so that the evolution of the A1/A2 ratio provides
reliable information on the relative amount of crystalline phase in
the two kinds of composite. Therefore, on the basis of Fig. 4 it is sug-
gested that glycerol does not affect the tendency of ZP·C3 and ZP·C4

(d), GS/ZP·C6 (d); (B) S/ZP·C3 (a), S/ZP·C4 (b), S/ZP·C5 (d), S/ZP·C6 (d).
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Fig. 4. A1/A2 ratio as function of n. A1 and A2 are the areas of the (002) reflection of
Z
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Fig. 5. X-ray diffraction patterns of native starch (a), S (b), GS  (c) samples.

P·Cn in GS/ZP·Cn and S/ZP·Cn , respectively.

o give crystalline aggregates, while it promotes the formation of a
arger amount of crystalline phase in the ZP·C5 composite.

For the composite containing ZP·C6, the preferred orientation
ffects are expected to be stronger in the absence of glycerol, as
he crystallites are thinner. Nevertheless, the larger peak area was
bserved in the glycerol-based composite, thus indicating that the
raction of crystalline filler is much higher in GS/ZP·C6 with respect
o S/ZP·C6.

In conclusion, even if possible effects of preferred orientation
re considered, the A1/A2 dependence on n indicates that the frac-
ion of crystalline filler in GS/ZP·Cn is about the same as that in
/ZP·Cn for n = 3 and 4, but it is larger than that (and increases with
) for n = 5 and 6. This is probably due to the fact that glycerol
ay  compete with aminoalcohols in the interaction with starch

hus weakening the ZP·Cn–starch interaction and promoting the
ayer aggregation: consequently, those ZP·Cn compounds where the
hain–chain interactions are stronger turn out to be more aggre-
ated in the presence of glycerol.

As far as structural modifications of starch are concerned, Fig. 5
ompares the diffraction pattern of native starch powder with the
attern of a membrane obtained from gelatinized starch in water
S) and that of a GS membrane. The broadening and the intensity
ecrease of the main starch reflection at about 17◦ 2� (Cheetham &
ao, 1998) reveals a progressive disruption of the semi-crystalline
tructure of the native starch granules as a consequence of the
hermal treatment in water (pattern b) and the presence of glyc-
rol (pattern c). The presence of the filler does not significantly

odify the pattern of gelatinized starch (Fig. 6). For this reason, it
as not possible to evaluate the contribution of the polymer–filler

nteraction in the starch destructuration.

Fig. 7. Thermogravimetric curves of: (A) GS, GS/
Fig. 6. X-ray diffraction patterns of S/ZP·C3 (a), GS/ZP·C3 (b), S/ZP·C6 (c) and GS/ZP·C6

(d) samples.

3.3. Thermogravimetric analysis

Thermogravimetric analysis was  performed on samples con-
ditioned at 33% RH. The thermogravimetric (TG) profiles of the
composite membranes containing ZP·C3 and ZP·C6 are compared
with those of S and GS samples in Fig. 7. For the sake of clarity

the TG curves of all composites are shown separately, together
with the corresponding derivatives, in the supporting informa-
tion. Fig. 7a displays the TG curves of the glycerol-plasticized

ZP·C3, GS/ZP·C6 and (B) S, S/ZP·C3, S/ZP·C6.
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Table 3
Young’s modulus and tensile strength, at room temperature, of GS/ZP·Cn and S/ZP·Cn samples. The values for n = 0 refer to a GS sample.

n GS/ZP·Cn S/ZP·Cn

Young’s modulus (MPa) Tensile strength (MPa) Young’s modulus (MPa) Tensile strength (MPa)

0 734 ± 45 17 ± 1 – –
3  1441 ± 131 38 ± 3 2097 ± 166 66 ± 4

2066 ± 115 68 ± 4
2263 ± 129 78 ± 4
1975 ± 153 54 ± 4
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Table 4
Water uptake, at room temperature and 90% RH, of GS/ZP·Cn and S/ZP·Cn samples.
The  water uptake for n = 0 refers to a GS sample.

n GS/ZP·Cn S/ZP·Cn

0 68 ± 7 –
3  43 ± 4 20 ± 2
4  52 ± 5 24 ± 2
4  1196 ± 69 32 ± 2 

5  1261 ± 76 34 ± 3
6  1326 ± 78 33 ± 2 

embranes: while the composite membranes exhibit similar pro-
les, these significantly differ from that of GS.

All the composites show a first weight loss, attributed to the
ndothermic loss of water, which is smaller and shifted to higher
emperatures in comparison with the corresponding loss of GS.
fter the water loss, the membrane decomposition occurs in three
ain steps for GS and in only two steps for S and the composites.

t can be observed that the second step of the GS sample, centered
round 210 ◦C, is not present in the TG curve of the composites:
his step was  attributed, in a previous work, to the glycerol loss
nd to a partial decomposition of the starch matrix (Pica et al.,
012). Thus, in the presence of the filler, the glycerol loss is shifted
oward higher temperatures and occurs concomitantly with the
tarch decomposition. Moreover, also the last step, corresponding
o the exothermic decomposition of the starch matrix, is shifted
o higher temperatures in the presence of the filler: for example,
he temperature corresponding to 80% weight loss increases from
51 ◦C for GS to about 580 ◦C for the GS/ZP·Cn composites.

As far as the TG profiles of the glycerol-free samples are con-
erned (Fig. 7b), it can be observed that the curves of the composites
re very close to those of the corresponding glycerol-based sam-
les. On the other hand, the curve profile of S significantly differs
rom that of GS, being close to that of the composite samples, with
hree main decomposition steps. While the second step results to
e anticipated in the presence of the filler of about 20 ◦C, the final
egradation of the starch in the composites is shifted of about 76 ◦C
oward higher temperatures with respect to neat starch. The fact
hat the TG curves of the glycerol-based composites are very sim-
lar to those of the glycerol-free composites clearly indicates that
he filler allows to fully preserve the thermal stability of the neat
tarch matrix even in the presence of glycerol.

.4. Mechanical properties

The mechanical tests were performed at room temperature on
amples previously conditioned at 33% RH for at least one week.
ig. 8a and b display the stress–strain curves of the GS/ZP·Cn

nd S/ZP·Cn samples, respectively, together with that of GS. The
echanical properties of the S sample could not be determined

ecause of its rigidity and brittleness which hampered the film
andling.

For each test, the stress–strain curve with the greatest elonga-
ion at break was chosen since it is representative of the specimen
ith less macroscopic defects. The GS sample exhibits the typi-

al behavior of ductile polymers: after reaching the yield point,
he stress gently drops to the draw stress and remains constant
ntil rupture, while the neck propagates along the specimen. For
oth GS/ZP·Cn and S/ZP·Cn samples, the presence of the inorganic
articles modifies the stress–strain curve profile, giving rise to an

ncrease in the slope of the elastic region and in the tensile strength,

s well as to a significant reduction in the elongation at break. In
ddition, the glycerol-based composites exhibit a plastic behav-
or to some extent, while the glycerol-free composites result to be

ore brittle.
5  54 ± 5 19 ± 2
6  46 ± 5 24 ± 2

The mechanical quantities, derived from the analysis of the
stress–strain curves, are reported in Table 3. The presence of the
filler particles led to an increase in the Young’s modulus in both
series of samples: this is an expected result, since the rigidity of
the inorganic filler is much higher than that of the organic polymer
(Fu, Feng, Lauke, & Mai, 2008; Pica et al., 2012). In particular, the
average proportional increment of the Young’s modulus was  about
80% in the presence of glycerol, and 190% in the absence of glycerol.
Within the experimental errors, the modulus of the composites can
be considered nearly independent of the kind of aminoalcohol. This
fact is not surprising, since it is known that the Young’s modu-
lus is measured at too low deformation levels to cause interface
separation (Fu et al., 2008). A significant improvement of the ten-
sile strength was  also found, the average proportional increment
being about 100% for the glycerol-based samples and about 290%
for the glycerol-free composites. Especially in the absence of glyc-
erol, the high values of the strength of the composite films could be
attributed to some extent to the polymer–filler interfacial interac-
tion which plays an important role in the stress transfer (Fu et al.,
2008).

Finally, it can be observed that, in spite of the increase in
the tensile strength determined by the presence of the filler, the
concomitant reduction of the elongation at break results in the
reduction of the area under the stress–strain curve, which makes
the composite films less though than neat GS. This behavior, which
was already observed for glycerol-starch composites containing ZP
particles with micrometric planar size (Pica et al., 2012), is typi-
cal of polymer matrices reinforced with high aspect ratio layered
particles (Shah, Maiti, Jiang, Batt, & Giannelis, 2005).

3.5. Water uptake measurements

One of the main drawbacks of glycerol-starch films is their sen-
sitivity to moisture. Therefore, it seemed interesting to evaluate
the effect of the inorganic particles on the water uptake of the
starch-based composites. From the data reported in Table 4 one
can observe that the water uptake of the polymeric films at room
temperature and 90% RH is significantly lower than that of the GS
sample.

In particular, the water uptake is reduced on average by 28%
for the glycerol-starch composites and by 68% for the glycerol-free

samples. It is interesting to observe that the proportional reduc-
tion in the water uptake of the glycerol-free composites is about
2.4 times greater than that of the glycerol-based composites and
that the same ratio was  found between the proportional increase
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Fig. 8. Stress–strain curves of: (A) GS (dashed line) and GS

n the elastic modulus of the two series of the composites: this
esult suggests that the decrease in the water uptake observed for
he composites is strictly connected to the improvement in the

echanical strength of the polymer matrix.

. Conclusions

Glycerol-based and glycerol-free starch composites containing
P·Cn were prepared and characterized for their morphological,
tructural, thermal and mechanical properties. While it was not
ossible to prepare handable glycerol-free films containing unmo-
ified ZP particles or Cn, the presence of the aminoalcohol modified
ller allowed to obtain samples exhibiting a good flexibility and
ransparency, suggesting that the ZP·Cn acts as a starch plasticizer.

In terms of physical properties, the composite membranes
xhibit a better thermal stability than starch especially in the pres-
nce of glycerol, a strongly reduced water uptake and a significant
mprovement of the Young’s modulus and tensile strength, which
s however associated with a loss of plastic properties.

X-ray diffraction analysis revealed that the dispersion of the
ller within the starch matrix was not complete, both in GS/ZP·Cn

nd S/ZP·Cn composites. In particular, in both series of membranes
he crystallite size increases with increasing the alkyl chain length
f the aminoalcohol. Moreover, while the amount of crystalline
P·C3 and ZP·C4 is about the same in the glycerol-free and in the
lycerol-based composites, it increases in the presence of glycerol
or ZP·C5 and ZP·C6.

The results reported in this paper suggest that the use, as a
ller, of modified ZP particles with organic bases ionically linked on
he surface, could offer a suitable and alternative approach to the
reparation of starch-based composites since it provides several
dvantages with respect to the approaches investigated in previous
orks (Donnadio et al., 2012; Pica et al., 2012).

In particular, the approach here presented combines the possi-
ility to effectively control the morphology of the ZP particles (and
herefore to improve the degree of dispersion of the filler within
he polymer matrix) with the possibility to choose the ZP function-
lizing agent among a large variety of molecules and, consequently,
o select those suitable to assure the most effective filler exfoliation
nd polymer destructuration. Finally, the ability of the phosphate
roups to interact with basic molecules through ionic interactions
s expected to reduce the leakage of the plasticizing agent, thus
mproving the stability of the composite.
cknowledgements
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