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Abstract

A mineral clay was used as filler in order to improve the mechanical properties of glycerol-plasticized Cará starch films. These were

characterized by mechanical and dynamic mechanical analysis, X-ray diffraction (XRD), thermogravimetry, infrared spectroscopy, and

scanning electron microscopy. Dynamic mechanical analyses showed that the composite films give rise to three relaxation processes,

attributable to a transition of the glassy state of the glycerol-rich phase, to water loss including the interlayer water from the clay structure,

and to the starch-rich phase. A film obtained with 30% in w/w of clay showed an increase of more than 70% in the Young modulus compared

to non-reinforced plasticized starch. Both XRD and infrared spectroscopy showed that glycerol can be intercalated into the clay galleries and

that there is a possible conformational change of starch in the plasticized starch/clay composite films. Clay exfoliation occurred in

unplasticized starch/clay mixtures.

q 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

There is an ever-increasing interest in the utilization of

renewable materials. Among natural polymers, starch has

been considered as one of the most promising candidates for

the future primarily because of an attractive combination of

availability, price and performance. Starch consists of the

linear a-D-glucan amylose and highly branched amylopec-

tin. Starches in their native forms, are organized into semi-

crystalline granules (Hizukuri, Takeda, Usami, & Takase,

1981; Wurzburg, 1986; Zobel & Stephen, 1995).

Several studies have been carried out on starch-based

films obtained by melt processing or casting from a solution

or gel with addition of a plasticizer (Wurzburg, 1986). The

addition of water (Hulleman, Janssen, & Feil, 1998; Lourdin,

Coignard, Bizot, & Collona, 1997) or other plasticizers such

as sorbitol (Gaudin, Lourdin, Forssell, & Colonna, 2000) and

glycerol (Fishman, Coffin, Konstance, & Onwulata, 2000),

considerably improves mechanical properties. Even so,

starch films have poor mechanical properties when compared

to those of synthetic polymers. This is due to their

hydrophilic nature and thus their sensitivity to moisture

content, a factor that is difficult to control. The effect of both

humidity and plasticizer concentration on crystallinity,

thermal and mechanical properties is well documented

(Butler & Cameron, 2000; Chang, Cheah, & Seow, 2000;

Gaudin et al., 2000; Lim, Chang, & Chung, 2001; Lourdin

et al., 1997; Moates, Noel, Parker, & Ring, 2001; Standing,

Westling, & Gatenholm, 2001). In order to improve

mechanical properties and water resistance, starch has been

modified (Fringant, Desbrières, & Rinaudo, 1996; Fringat,

Rinaudo, Foray, & Bardet, 1998; Morikava & Nishinari,

2000; Wurzburg, 1986), by blending with synthetic (Arva-

nitoyannis, Biliaderis, Ogawa, & Kawasaki, 1998; Avérous

& Fringant, 2001; Avérous, Moro, Dole, & Ringant, 2000;

Psomiadou, Arvanitoyannis, Biliaderis, Ogawa, & Kawa-

saki, 1997; Sem & Bhattacharya, 2000; Sharma et al., 2001)

or natural polymers (Arvanitoyannis, Nakayama, & Aiba,

1998; Curvelo, Carvalho, & Agnelli, 2001; Fishman et al.,

2000) and by cross-linking (Chatakanonda, Varavinit, &

Chinachoti, 2000; Dumoulin, Alex, Szaba, Cartilier, &

Mateescu, 1998). Starch can lowering the cost of the finished

product compared with synthetics alone as well as providing

biodegradable characteristics.

The preparation of composites can also improve the

mechanical properties of materials. The introduction of

inorganic fillers to a polymer matrix increases its strength
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and stiffness and sometimes creates special properties,

originating from the synergetic effect between the

component materials. Among inorganic compounds,

special attention has been paid to clay minerals in the

field of nanocomposites because of their small particle

size and intercalation properties (Alexandre & Dubois,

2000; Kim, Noh, Choi, Lee, & Jhon, 2000; Murray,

2000; Ogata, Kawakage, & Ogihara, 1997).

Mineral clays are technologically important and are

mainly composed of hydrated aluminosilicate with

neutral or negative charged layers (Murray, 2000). A

large number of new composites based on synthetic

polymer and clay minerals, have been recently investi-

gated (Chen, Tien, & Wei, 2000; Fornes, Yoon,

Keskkula, & Paul, 2001; Liu & Wu, 2001; Magaraphan,

Lilayurthalert, Sirivat, & Schwank, 2001; Wu, Xue, Qi,

& Wang, 2000). Few studies are reported on biopolymer/

clay composites, although, hydroxyapatite-reinforced

starch/ethylene–vinyl alcohol copolymer (Reis, Cunha,

Allan, & Bevis, 1997) and calcined kaolin/thermoplastic

starch composites (Carvalho, Curvelo, & Agnelli, 2001),

have been documented. An increase of 50% in the

modulus for starch/calcined kaolin composite containing

50 phr (parts of calcined kaolin per hundred parts of

thermoplastic starch) of kaolin when compared with a

sample prepared without calcined kaolin, was observed

(Carvalho et al., 2001).

The optimal performance of polymer/clay composites is

achieved when the clay fillers are uniformly dispersed in the

polymer matrix.

In the present investigation, Caþþ—hectorite (SHCa-1)

was added to glycerol-plasticized starch and from this

mixture plasticized starch/clay composite films were

obtained. The dispersion of clay into the starch matrix and

the effect of its addition on the mechanical, thermal, dynamic

mechanical properties and morphology of starch/clay

composite films, was studied.

2. Materials and methods

2.1. Materials

Native starch, extracted from Cará roots, a Brazilian

species, was provided by Universidade Estadual de

Londrina (UEL), Paraná. Reagent grade glycerol, and

analytical grade K2CO3 were used. Caþþ—hectorite was

supplied by the Clay Mineral Society Repository

(University of Missouri, USA). This clay mineral has

exchangeable calcium ions, a cation exchange capacity of

,43.9 meq/100 g and a surface area of 63.19 ^ 0.5 m2/g.

2.2. Preparation of plasticized starch/clay composite films

Glycerol-plasticized starch/clay composite films were

prepared from starch/clay aqueous suspensions (30 ml) by

casting. The starch/clay rations were 100/0, 95/05, 90/10,

85/15, 80/20, and 70/30 (w/w), relative to dry starch,

with a total mass of 1.3 g. The clay was dispersed in

distilled water (10 ml) for 24 h, producing a gel that was

added to an aqueous dispersion of starch (20 ml). This

suspension was degassed and heated to boiling point for

30 min with continuous stirring to gelatinize the starch

granules. Glycerol (20% w/w, relative to starch on dry

basis) was added to the hot solution and the solution was

then poured on to polypropylene dishes and solvent

evaporated to dryness at 40–50 8C. The films (about

0.15 mm thick) were maintained for 3 weeks at a 43%

relative humidity (r.h.), over saturated K2CO3 solution in

a desiccator at room temperature, according to the

specifications of ASTM E 104.

2.3. Characterization of plasticized starch/clay composite

films

Portions of the conditioned films were dried at 110 8C

for 12 h. After weighting, they were conditioned at 25 8C

in a desiccator at 43% r.h., then removed at specific time

intervals and weighted. The differences between the

initial and final masses correspond to the water loss, thus

determining the amount of moisture retained by the films.

X-ray diffraction (XRD) experiments were performed on

tape-glued films oriented on neutral glass sample holders.

A Rigaku diffractometer operating at 40 kV and 20 mA in

the Bragg-Brentano u–2u mode was used. A Ni filter as well

a graphite monochromator was used to select the correct

Co Ka ¼ 1.7902 Å line. Silicon powder was used as the

internal standard.

Dynamic mechanical analyses (DMA) of the films were

performed using a Netzsch equipment (DMA 242). DMA

curves were recorded at temperatures ranging from 2150 to

200 8C heating, with a scanning rate of 2 8C/min. The static

force was maintained constant during the experiment.

Analyses were performed at frequencies of 1 and 5 Hz.

Samples with dimensions of 50 £ 0.5 £ 0.15 mm3 were

examined.

Thermogravimetric analysis was performed using a

Netzsch equipment (TG 209) at a heating rate of

10 8C/min from room temperature to 900 8C, under a

synthetic air atmosphere in aluminum crucibles.

Infrared spectra were recorded using a Bomen Michelson

FTIR (MB100) apparatus. Transmittance spectra of thin

films dried at 100 8C for 24 h, in order to remove water,

were obtained by accumulation of 32 scans and a 4 cm21

resolution.

The fractured surfaces of the composites were studied

on a Philips scanning electron microscope (XL 30)

operating with an accelerating voltage of 10 kV. The

fractures were produced by samples frozen in liquid

nitrogen. The samples were then sputtering coated with a

thin gold film (nominal layer of 250 Å) to avoid charge

built up because of their low conductivity.
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Tensile testing was carried out using an Instron (4467)

tensile testing equipment and cross-head speed of

1.2 mm/min according to the procedures outlined in

ASTM D 882. Before testing, the films were allowed to

rest for 2 weeks in a 43% r.h. controlled atmosphere, in

order to obtain reproducible results. For each data point, five

samples were tested, and the average value was taken.

3. Results and discussion

3.1. Dynamic mechanical analysis

Fig. 1 shows the variation of the loss modulus ðE00Þ with

temperature for Cará starch with and without glycerol

addition.

An unplasticized Cará starch film exhibited two

relaxations at the vicinity of 2110 8C and at 30 8C. The

dominant relaxation that appeared at the lower tempera-

ture, is a broad peak relaxation and can be subdivided into

two separate components (named l1 and l2). The l1

relaxation can be attributed to rotation of the hydro-

xymethyl groups and l2 to small amplitude oscillations of

the sugar rings about the glycosidic bonds. These

relaxations have also been observed via dielectric

spectroscopy in amylomaize and waxymaize starch with

low water contents (Butler & Cameron, 2000). The l1 and

l2 relaxation positions are dependent on frequency.

Relaxations that are dependent on the frequency are

transitions of the second order, while those that are not,

are of the first order. The large a relaxation at a range of

,20–150 8C (Fig. 1(b)), that is frequency independent, is

attributable to moisture loss. A measurable glass transition

ðTgÞ was not observed at temperatures of up to 200 8C for

the Cará unplasticized starch film, as it should occur at

higher temperatures.

The glycerol-plasticized starch films have a different

behavior compared to the unplasticized films. The first

former gives rise to two dependent frequency relaxations

about 274 8C (b1 relaxation) and 188 8C (b2 relaxation)

(Fig. 1). These can be attributed to two phases that

originated from the partial miscibility of glycerol and starch

(Forssell, Mikkilä, Moates, & Parker, 1997; Moates et al.,

2001): b1; to a glycerol-rich phase (pure glycerol has a glass

transition of 278 8C (Standing et al., 2001) and b2 to an

amylose-rich phase. The appearance of b2 in the plasticized

starch film can be explained by the plastificant effect of

glycerol that shifted it to a lower temperature relative to that

of unplasticized starch. The a relaxation is decomposed into

several small secondary relaxations in the approximate

range of 20–150 8C (Fig. 1(b)).

The dynamic mechanical properties of the plasticized

starch/clay composite films against composition and

temperature are shown in Figs. 2 and 3. The b1 relaxation

values for the various films at 1 and 5 Hz, taken from the

maximum of loss modulus curves (E00 curves, Fig. 2(a))

are indicated in Table 1. The position of this relaxation is

constant for all the films, with the exception of 90/10

films that present a shift to a higher temperature. The a

relaxation of composite films gives a maximum followed

by an accentuated shoulder (Fig. 2(b)). We had previously

attributed this to moisture loss, but as the shoulder

increased significantly after clay addition, this relaxation

can also be associated with the crystalline structure of the

clay releasing interlayer water molecules. The position of

the maximum is dependent on composition, being shifted

to higher temperatures with increasing of clay content

(Table 1). The formation of H-bonding between the water

Fig. 1. Loss modulus versus temperature: (a) at 1 Hz, for (X) Cará starch

and (B) glycerol-plasticized Cará starch films and at 5 Hz, for (O) starch

and (P) glycerol-plasticized starch films and (b) at 1 Hz, for (X) starch and

(B) glycerol-plasticized starch films from 0 to 175 8C.
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and the hydroxyl groups of clay or starch in a major

extension of the composite films, can explain this a shift.

The exact temperature of b2 relaxation (relaxation

attributed to the starch-rich phase) for the composite films

could not be determined under our experimental conditions,

because the upper temperature limit was fixed at 200 8C for

all films (Fig. 2(a)). Consequently, we determined the onset

temperature of this relaxation from the storage modulus

curves (E0 curves, Fig. 3) and the results obtained are shown

in Table 1. The 90/10 film stood out among the others

because it presented a considerable shift of b2 to a lower

temperature. The shift of b1 and b2 reflects an increase in

miscibility between starch and glycerol in the film.

Fig. 2(a) also shows that, on examination of the height

of b1 and b2 peak relaxations, that b1 is more intense in

plasticized starch, whereas in the composite films b2 is

more intense. To evaluate the effect of the height and to

correlate it with the concentration of the respective films,

the area of peak E00 for b1 relaxation was calculated

(Table 2). This area can be directly associated with the

concentration of segments or groups involved in

the relaxation process (Wilhelm, 2000). The area of the

composites is smaller than that of the pure plasticized

starch film. This was expected due the decrease of the

glycerol concentration and the increase of the clay

content. Furthermore, if no interaction occurred between

starch, glycerol, and clay, the area for b1 relaxation must

be proportional to the glycerol concentration in the films,

but this proportionality was not observed. Factors such as

intercalation, crystallinity and starch/glycerol miscibility

can also contribute to the decrease in area. Assuming that

glycerol molecules are intercalated into the clay galleries,

their mobility is reduced in function of the clay rigidity;

in the same way an increase of crystallinity also leads to

lower mobility of the glycerol molecules located in the

connecting amorphous regions. A greater glycerol–starch

miscibility would reduce the concentration of glycerol on

the glycerol-rich phase.

In the same way, if the starch is intercalated into the clay

a decrease in the b2 relaxation would be expected.

Fig. 2. (a) Loss modulus versus temperature from 2150 to 200 8C and (b)

loss modulus versus temperature from 0 to 175 8C for glycerol-plasticized

Cará starch and Cará starch/clay composite films having different w/w

compositions: (B) 100/0, (X) 95/05, (O) 90/10, (P) 80/20, and (V) 70/30.

Fig. 3. Storage modulus versus temperature from 2150 to 200 8C, for

glycerol-plasticized Cará starch/clay composite films having different w/w

compositions: (B) 100/0, (X) 95/05, (O) 90/10, (P) 80/2, and (V) 70/30.
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However, this is not possible since the opposite effect was

observed (Fig. 2(a)). In the plasticized starch composite

films, the data show that starch is not intercalated into the

clay galleries and that does not present any significant

increase on crystallinity relative to pure plasticized starch,

because as discussed previously both the intercalation and

crystallinity restricted the local motions and consequently

reduced the area of peak b2 relaxation.

The increase of the b2 peak represents an increase in the

free starch chain volume, that can originate via a greater

plasticization effect, related to the miscibility between

starch and glycerol. There is also the possibility that the

presence of clay modifies the conformation and orientation

of starch chain segments near the surface, giving rise to a b2

peak increase.

The E0 curves (Fig. 3) display an improvement in the

storage modulus above 20 8C for composite films, in

comparison with pure plasticized starch, and reflects an

increase in rigidity, that can originate from film contraction

and an increase of crystallinity of the clay filler itself.

To evaluate the hypothesis of film contraction, the

change in specimen length during DMA analysis was

measured (Fig. 4). When the temperature was raised from

2150 to 0 8C, an expansion of all the films occurred, in the

order pure plasticized starch . 90/10 . 80/20 . 70/30

films. It is suggested that the lowering of expansion caused

by the addition of clay is due to the fine dispersion of silicate

layers into the polymer matrices and the filler rigidity. This

can obstruct that the expansion of the polymer chains when

the temperature is raised.

At ,25 8C, a substantial sample contraction occurred,

resulting from the loss of moisture during the heating

process, yielding a decrease in the specimen length as the

water is lost. This contraction leaves the film more rigid and

consequently E0 increased for all the films at temperatures

.25 8C (Fig. 3). The film with more clay (70/30) presented

the lower contraction in comparison with the other samples,

indicating more rigidity.

3.2. X-ray diffraction

To evaluate the hypothesis of glycerol and starch

intercalation into the clay galleries, XRD analyses were

performed. Fig. 5(a) shows the XRD pattern for the clay,

glycerol-plasticized starch and respective plasticized starch/

clay composite films.

The interplanar basal spacing in pure clay is 14.4 Å.

This is shifted with increasing starch content in the

composite films, reaching 18.6 Å for 95% starch, showing

that glycerol molecules are intercalated between the clay

Table 2

Area about Tg glycerol-rich phase (b1 relaxation) determined from E00 curves

Composition w/w

starch/clay

b1 peak relaxation

area

100/0 0.53

95/05 0.30

90/10 0.25

80/20 0.16

70/30 0.30

Table 1

Temperatures of the relaxation peak for glycerol-plasticized Cará starch and glycerol-plasticized starch/clay composite films at 1 and 5 Hz, as determined by

the peak of E00 curves

Composition w/w

starch/clay

1 Hz 5 Hz

b1 peak (8C) a peak (8C) b2 peaka (8C) b1 peak (8C) a peak (8C)

100/0 274 32 172 267 31

95/05 276 27 180 271 27

90/10 243 29 144 238 29

80/20 273 36 171 267 35

70/30 273 39 169 267 38

a Onset temperatures take from E00 curves.

Fig. 4. Specimen length versus temperature for glycerol-plasticized Cará

starch and Cará starch/clay composite films having different w/w

compositions: (B) 100/0, (X) 95/05, (O) 90/10, (P) 80/20, and (V) 70/30.
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layers. To investigate the effect of glycerol and starch, we

prepared clay/glycerol and unplasticized starch/clay mix-

tures having different proportions. The interplanar basal

spacing in clay/glycerol mixtures was shifted to 18.5 Å

(Fig. 5(b)) due to glycerol intercalation between the clay

layers.

As in the X-ray diffractograms of 90/10 unplasticized

starch/clay mixtures, the first basal peak was not

observed and in this case, the clay can be almost totally

exfoliated in the starch matrix (Fig. 6). Although the

phenomenon of exfoliation is desirable for the improve-

ment of mechanical properties, the absence of the

plasticizer in the starch/clay mixtures increases the

brittleness of the samples.

The peak at about 9.3 Å in the composite films can be

attributed to dehydrated clay (Fig. 5(a)), corresponding

exactly to the loss of two water molecules whose

diameter is 5.6 Å. The third peak at a d-spacing 3.0 Å

is attributed to calcite, a clay impurity (JCPDS, file

number: 24–27), and the low d-spacing (2.5, 2.6, and

2.8 Å) corresponds to the tape used for film fixation on

to the glass sample holder, sometimes observed in the

thinner films.

3.3. FTIR analysis

The microdomain structures of the starch and starch/-

clay composite films were analyzed by FTIR. The main

bands for distinctive functional groups were identical in

thermoplastic pure starch and pure clay, which makes

observation of any modification in these bands difficult

(Fig. 7(a)). However, intensity changes in the modes

below 800 cm21 were observed, more specifically at 578

and 528 cm21 (Fig. 7(a)). These bands are due to skeletal

modes, low frequency vibrations of the ring, etc. (Vasko,

Blakwell, & Koening, 1972). The area ratio of these

characteristic starch bands is shown in Fig. 7(b) where a

decrease of this ratio occurs with an increase of clay

content reaching a constant value at a clay content of

$10%. These results show that vibration of the glucose

Fig. 5. XRD spectra of (a) glycerol-plasticized Cará starch and Cará

starch/clay composite films having different composition and (b)

clay/glycerol mixture with an excess of glycerol. Asterisk denotes silicon

peak, used as an internal standard.

Fig. 6. XRD spectra of unplasticized Cará starch/clay composite films

having different compositions.
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ring is affected by the presence of clay possibly due to

conformational changes. The degree of crystallinity will

be compared with these results in future studies.

The 95/05 film presents clearer modifications

(Fig. 7(a)), such as the appearance of a new band at

2850 cm21, attributable to CH2 groups and the increase

of intensity of the band at 1463 cm21, arising from OCH

and CH2 groups (Bellamy, 1998). Pure glycerol presents

the first of these bands at 2884 cm21 and the second at

1456 cm21. These glycerol band shifts confirm that at

least a part of the glycerol is located in the clay

galleries.

3.4. Thermogravimetric analysis and water sorption

TG analysis results of glycerol-plasticized starch and

starch/clay composite films in the temperature range from

19 to 900 8C are shown on Fig. 8. The thermal decompo-

sition of glycerol-plasticized starch followed a three-step

reaction with a maximum decomposition at 289 8C. The first

step corresponds to the water loss, the second to starch and

glycerol decomposition, and the third to the oxidation of the

partially decomposed starch. Pure clay shows two degra-

dation steps attributable to water loss (first step) and to clay

dehydroxylation at ,725 8C (second step).

The TG curves of starch/clay composite films contain

four separate degradation steps. The first three correspond to

starch and the last to clay. In general, the presence of clay

does not affect the thermal stability of plasticized starch

films.

The water loss (Table 3) starts at ,30 8C as determined

by the onset. The water absorption of plasticized starch is

very high because the water molecules can easily diffuse to

H-bonds with OH-groups of glucosyl units along the

polymer chains. The starch/clay composite films present

very little change on water absorption, in contrast to pure

starch (Table 3). The results show that pure plasticized

Fig. 7. (a) Absorbance infrared spectra of glycerol-plasticized Cará starch

and Cará starch/clay composite films having 100/0, 95/05, 70/30, and 0/100

compositions, at a region from 400 to 3800 cm21. (b) Area ratio of band at

578 and 528 cm21 for glycerol-plasticized Cará starch and Cará starch/clay

composite films versus starch content.

Fig. 8. Thermogravimetric curves for glycerol-plasticized Cará starch and

Cará starch/clay composite films having different w/w composition: (B)

100/0, (X) 95/05, (O) 90/10, (P) 80/20, (V) 70/30, and (þ ) 0/100.

H.-M. Wilhelm et al. / Carbohydrate Polymers 52 (2003) 101–110 107



starch film hydrates in 24 h while the starch/clay composite

films takes 36 h for 80/20 mixture.

In plasticized starch, the second and third degradation

steps correspond to starch/glycerol and starch degradation,

respectively (Fig. 8). The composite films show a larger

proportion of mass loss in the third stage, in comparison to

pure starch (Table 3). This mass increment can be

constituted by glycerol or starch. In the case of glycerol,

the intercalated fraction should be protected by the clay

being degraded at higher temperatures. In the case of starch,

the presence of clay into the glycerol-plasticized starch

matrix, induced a re-organized starch structure with less

exposed hydroxyl groups, that are less susceptible to

degradation, thus contributing to the increase of the mass

loss in the third step.

An interesting observation is that the fourth step in

the composite films, attributed to clay dehydroxylation, is

shifted by ,100 8C to lower temperatures in comparison

with pure clay (Fig. 8). Two hypotheses can explain this

behavior. Firstly, the third step starch degradation process

is an exothermic one, according to Aggarwal and

Dollimore (1998) and thus transfers heat to the clay,

leading to clay dehydroxylation being shifted to lower

temperatures. Secondly, the dispersion of the clay fillers

into the plasticized starch matrix promotes an intercala-

tion of the glycerol into the clay galleries, inducing re-

organized clay structures, with more exposed hydroxyl

groups that are more susceptible to degradation. In pure

clay, the mass loss of the fourth step was ,16%, and in

the composite films the values are significantly higher

(Table 3).

After complete decomposition of the starch (temperature

.500 8C), the starch/clay composite film displayed a

residue proportional to its clay content (Fig. 8).

3.5. Tensile properties

The tensile properties of glycerol-plasticized starch and

starch/clay composite films are shown in Table 4. The pure

glycerol-plasticized starch shows an 11% strain at break.

This decreases with increasing clay content. A maximum

strain break of 5% was found with 30% of added clay. This

indicates that adding the inorganic filler into a polymeric

matrix increases its brittleness, as shown with another study

(Magaraphan et al., 2001).

No significant reinforcing effect was observed up to 20%

of clay in the starch matrix, as shown by the Young modulus

(Table 4). The increase occurred when the clay content

reached 30%, being 72% higher composed with pure non-

reinforced starch. These results are better than those

reported by Carvalho et al. (2001), who found an increase

of 50% in the modulus for glycerol-plasticized starch films

reinforced with calcined kaolin obtained using a batch

mixer.

3.6. Morphology

The morphology of the glycerol-plasticized starch and

starch/clay composite films are shown in Fig. 9. All the

starch/clay composite films display an oriented fracture

probably, due to the orientation of the crystal clay layered

into the starch matrix. This behavior is more pronounced for

80/20 and 70/30 films. Higher magnification was not

possible due to degradation of the starch matrix.

Table 3

Loss of water as determined by the thermogravimetric curves for glycerol-plasticized Cará starch and glycerol-plasticized starch/clay composite films

Composition w/w

starch/clay

Loss mass (%)

First step Second stepa Third stepb Fourth stepc

100/0 7.9 79.5 20.5 –

95/05 8.9 73.9 26.1 23.0

90/10 8.7 74.9 25.1 23.7

85/15 8.7 73.1 26.9 25.8

80/20 8.6 71.1 28.9 24.7

70/30 8.7 71.9 28.1 26.0

0/100 8.7 – – 16.4

a Mass loss in relation to total mass of the sample.
b Mass loss in relation to mass of starch and glycerol in the sample.
c Mass loss in relation to mass of clay in the sample.

Table 4

Tensile strength of glycerol-plasticized Cará starch and glycerol-plasticized

starch/clay composite films. The number in parentheses indicate the

standard deviation

Composition w/w

starch/clay

Young modulus

(MPa)

Strain maximum

(%)

100/0 815 (90) 11 (3)

90/10 829 (50) 8 (1)

80/20 850 (60) 9 (3)

70/30 1406 (50) 5 (1)
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4. Conclusion

The structural characterization by infrared spectroscopy

and XRD of glycerol-plasticized Cará starch/clay composite

films suggest that glycerol is intercalated between the clay

layers.

DMA showed that starch and glycerol are partially

miscible in such a way that a small fraction of immiscible

glycerol exists in all this mixtures, available for the clay

intercalation.

The increase of the clay interplanar distance is

inversely proportional to the amount of clay amount in

the composites and where the clay content is low this

distance is identical to the obtained by the glycerol

intercalation. Based in this, it can be concluded that

intercalation depends on the proportion of available

glycerol and clay. On increasing the clay content, a

lower ratio was obtained and consequently, the interplanar

distance is lowered.

The incorporation of small layered crystals also gave rise

to a considerable increase of the storage modulus (stiffness)

value at temperatures .25 8C demonstrating the reinforcing

effect of the clay on the starch matrix. This was also

observed in mechanical tests where the composite film

showed better dimensional stability with minimum strain at

temperatures from 2150 to 200 8C, with an increase of 72%

of the Young modulus, on adding 30% clay, when compared

to pure plasticized starch.

The above data show that an interaction between

glycerol, starch and clay occurs, but to elucidate how this

complex system occurs requires further study.
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