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Abstract

The thermomechanical properties and oxygen permeability of sorbitol—starch—water films were studied. Sorbitol had an antiplasticisation
effect for contents below 21% (wt%), as indicated by a ten-fold drop in oxygen permeabilitx 1@3° cm® cm/cn? s Pa for the sample
not containing sorbitol and 0.25107 1% cm® cm/cn? s Pa for the sample containing 8.8% of sorbitol. This behaviour was related to changes
in secondary relaxations. The motions involved in these relaxations were reduced because of the connections established between starch an
sorhitol, leading to decreased diffusion of oxygen molecules. For sorbitol contents above 21% (wt%), oxygen permeability increased slightly.
Water produced a classic plasticising effect (an increase of oxygen permeability), but at low sorbitol content (8.8%) this was only moderate
due to the effect of sorhitol itself (4:81072° cm® cm/cn? s Pa for 23.8% of water)© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction sorbitol, or to a coupling between tiferelaxation of starch
and thea relaxation of sorbitol. In any event, a decrease of
Studies of the addition of plasticisers to starch were local mobilities in starch has been observed by NMR
undertaken initially to decreasg below ambient tempera-  measurements. Above 21% (total wt%) of sorbitol and a
ture and obtain a supple and deformable rubbery materialwater content corresponding to an equilibrium relative
(Kalichevsky & Blanshard, 1993; Lourdin, Coignard, Bizot humidity of 0.57, the material behaves mechanically like
& Colonna, 1997a; Orford, Parker, Ring & Smith, 1989). rubber (i.e. a certain resistance to deformation), although
However, these additives can produce an antiplasticiserthis condition is not attributable to the lowering aF
effect by inducing rigidification of the glassy material below ambient temperature. Though sorbitol has a depres-
through a lowering of the yield at break and an increase sing effect, thel, value remains greater than“2Deven for
of the modulus. This type of behaviour has been observedthe highest sorbitol contents. It has been considered that
in synthetic polymers such as PVC-dioctylphthalate plastic behaviour is due to the appearance of clusters of
(Horsley, 1957) and PC-dibutylethylenedibenzoate sorbitol which allow some mechanical plasticity.
(Jackson & Caldwell, 1967a,b) and was recently suspected Reports concerning the antiplasticisation of the polycar-
with starch containing low glycerol (Lourdin, Bizot & bonate (Robeson, 1969), the polysulphones (Maeda & Paul,
Colonna, 1997b) or sorbitol content (Gaudin, Lourdin, Le 1987a; Ruiz-Trevino & Paul, 1998), or the poly(phenylene-
Botlan, llari & Colonna, 1999). The cause has not been oxide) (Maeda & Paul, 1987b) indicate that a considerable
clearly elucidated, but it would appear that local molecular modification in diffusional properties of gases such a®0
mobilities play a preponderant role in the mechanisms CO, occurs simultaneously with the increase of the mechan-
involved. In the case of the sorbitol-water—starch system, ical modulus. For the starch—water system, Benczedi (1999)
the molecular relaxations studied by DMTA and NMR time calculated free volume from experimental density measure-
domain (Gaudin et al., 1999) showed local mobilities ments, observing a minimal free volume for a low water
(relaxation B) for starch that were strongly affected by concentration (molar concentration between 0.288 and
addition of small amounts of sorbitol. This phenomenon 0.640), which may be indicative of low permeability to gases.
could be due to the disappearance of local molecular The purpose of this study was to determine whether the
mobilities and the appearance of the intrinsic mobility of antiplasticisation effect revealed by the mechanical proper-
ties of starch induced changes in oxygen permeability, as in
* Corresponding author. the case of the synthetic polymers cited earlier.
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Fig. 1. Storage modulu&() curves (1a) and taé curves (1b) obtained by
DMTA at different sorbitol contents (0% —, 10% - - -, 25% ...).

2. Materials and methods
2.1. Film preparation

The starch used for film preparation was an A-type wheat
starch (27% amylose, 73% amylopectin) of commercial
origin (F33, Olgivie Aquitaine). Sorbitol of technical qual-
ity was obtained from Prolabo (94126 Fontenay-sous-Bois
Cedex, France).

For mechanical measurements, thick films (approxi-
mately 0.5 mm) were produced by thermomoulding to
14C°C during a 10 min mix of native starch, sorbitol and
water.

For permeability measurements, films were obtained by

the casting method. Native wheat starch was solubilised in a

high-pressure reactor at 18for 20 min using a 6% (w/w)
suspension in ultrapure water (resistivity 18.2 MW cm)
containing sorbitol from 0 to 28% (wt%). This procedure

was performed under a nitrogen atmosphere to avoid any
risk of degradation. The solution was then spread on a

thermostated plate at 70. After evaporation of the solvent,
a film was obtained.

After elaboration, the hydration of films containing
various amounts of sorbitol was controlled by conditioning
in different equilibrium relative humidities (ERH).

2.2. DMTA measurements
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using the 3-point bending mode. Vibration frequency in
bending mode was set at 1 Hz, and the heating rate at
3°C/min. Films were coated with a silicone-based hydro-
phobic grease to limit dehydration during experiments
above room temperature. It was determined that a thin coat-
ing of grease had no effect on thermomechanical properties.

2.3. Oxygen permeability measurements

Oxygen permeability measurements were performed on a
Mocon Ox-Tran 2/20 equipped with a Coulox sensor
(Modern Control, Inc., Minneapolis, MN) operating to the
ASTM Standard Method (ASTM, 1989) at atmospheric
pressure. The test cell was composed of two chambers
separated by the film (5cth Films were subjected to
100% oxygen on one side and nitrogen on the other. Nitro-
gen gas containing oxygen transferred through the film was
conducted to the coulometric sensor. Measurements were
made when oxygen flux was stabilised indicating that steady
state was reached. The RH of the two gases was controlled
by a humidifier. Temperature was 20

2.4. Assays

Determination of the residual content of water after
evaporation was performed by the Karl-Fisher method on
a Mettler DL 18.

Sorbitol content was determined by ionic chromato-
graphy coupled to pulsed amperometric detection. Film
samples (100 mg) were washed in ultrapure water (20 ml),
with vigorous stirring to achieve complete leaching of the
sorbitol in the solution. After centrifugation, the sorbitol in
the supernatant was analysed using a DIONEX MA1 and an
ESA Coulochem Il amperometrical detector (room tempera-
ture; eluant: sodium hydroxide solution 480 mM; flow rate:
0.35 ml/min; detector sensitivity: 20 mA).

Water and sorbitol contents were determined in all final
samples and expressed as total weight (wt%). The compo-
sition of the samples is indicated below as (sorbitol:water:-
starch).

3. Results
3.1. Variations in thermomechanical properties

Fig. 1a and b shows variations of tii® modulus and
tan$ as measured by DMTA on samples containing differ-
ent sorbitol contents. The tadhpeak appearing at 100, 82
and 53C was associated with loss of the storage modHlus
whose onset was situated at 78, 59 and2@orresponding
to thea relaxation for samples containing, respectively, 0%
(0:13.5:86.5), 10% (10:9.9:80.1) and 25% (25:10.4:64.6) of
sorbitol. The plasticising effect of sorbitol, (temperature
decreasing ot relaxation associated wiffy), was clearly

Thermomechanical measurements were performed on aapparent.

DMTA MKIV apparatus (Rheometrics Scientific, USA)

To show the modifications in low relaxation temperature
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Fig. 2. Storage modulu€() curves (2a) and tad curves (2b) obtained by
DMTA at different sorbitol contents (0% —, 10% - - -, 25% ...) between
—120 and 2€C.

more precisely, a part of Fig. 1 (betweeri20 and + 20°C)

is shown in greater detail in Fig. 2. The sample without
sorbitol showed at least two peaks-a86 and—65°C attrib-
uted to local mobilities (Bradley & Carr, 1976; Nishinari &
Fukada, 1980; Scandola, Ceccorulli & Pizzoli, 1991). For a
sample containing 10% sorbitol, a large peak probably
composed of two relaxations was observed betwed&@
and —60°C, and another intense peak appearee- a5°C.

For a sample containing 25% sorbitol, local mobilities of the
polymer between-60 and—90°C had almost totally dis-
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—120 and—10°C, the storage modulus’ was greater than
for samples containing 0 and 10% sorbitol in this tempera-
ture range. This behaviour was reversed abeve(’C
because of the large decreaseEfdue to the principal
sorbitol relaxation for the sample containing 25% sorbitol.

3.2. Variation of oxygen permeability relative to sorbitol
content

Films were conditioned at 57% relative humidity for
3 days before analysis (Table 1). Oxygen permeability
dropped from 1.4% 10~ cm® cm/cn? s Pa for the sample
without sorbitol (0:13.8:86.2) to 0.2610 *° cm® cm/cnt s Pa
for the sample containing less than 9% sorbitol (8.8:10.4:80.8).
This value then increased slightly to 0810 cm®cm/
cm?s Pa for the film (21.0:9.0:70.0). Oxygen permeability
increased, reaching 1.4510*° cm® cm/cnt s Pa for the film
(24.3:10.3:65.3), i.e. a value close to that of the sample
without sorbitol. The value obtained for the film
(28.0:10.9:61.1) was slightly lower than the preceding
one, but the standard deviation for this value was large.
Nonetheless, this confirmed an increase as compared to
the value obtained for the sample (21.0:9.0:70.0).

The permeability values measured in this study were
quite different from those obtained by Arvanitoyannis,
Psomiadou and Nakayama (1996), which showed
0.37x 10 ** cm?® cm/cnt s Pa for 0% of sorbitol and around
10 2cm?®cm/ent s Pa for 28% of sorbitol. These dis-
crepancies could be due to a different mode of sample
preparation as well as to a difference in residual water
content. However, the lowest value (0230 **cm?®cm/
cm?s Pa) obtained for 8.8% of sorbitol was comparable to
that of the EVOH (i.e. 0.1% 10 cm® cm/cnt s Pa at 0%
ERH) (Salame, 1986) which is a material generally used as
oxygen barrier. This property makes this type of starch
based system of potential interest for limiting oxygen trans-
fers

appeared, and a single very intense peak was observeds 3 Changes in oxygen permeability relative to equilibrium

whose summit at—10°C corresponded to the principal
sorbitol relaxation. Each peak of téan(Fig. 2b) was asso-
ciated with a decrease of storage moduEsvith tempera-

relative humidity (i.e. residual water content)

Changes in oxygen permeability relative to water content

ture, whose curves are shown in Fig. 2a. As there was nofor samples containing 28.0 and 8.8% of sorbitol are indi-

relaxation for the sample containing 25% sorbitol between

Table 1
Influence of sorbitol content on oxygen permeability and water sorption of
starch films stored at 57% EHR

Sorbitol content Water content Oxygen permeability

(Wt%) (wt%) (107 cm® cm/cm cnf s Pa)
0.0 13.8 14+ 0.3

8.8 104 014 + 0.06

16.2 9.6 027+ 0.03

20.0 9.2 032+ 0.02

21.0 9.0 031+ 0.02

24.3 10.4 145+ 0.09

28.0 10.9 13+02

cated in Table 2 and Fig. 3. The water content of films at
different ERH was determined from sorption curves
obtained in a previous study. Due to rates and changes in
oxygen permeability which depended strongly on the sorbi-
tol content the curves in Fig. 3 are represented with two
different scales. For the sample containing 28.0% sorbitol,
an increase in permeability seems to be quasi-exponential
with  water content, reaching a value of
934.6x 10 **cm®cm/cnfs Pa for 29.0% of water.
However, for the sample containing 8.8% sorbitol the
increase in permeability relative to water content was fairly
linear but moderate, reaching only &30 **cm?®cm/
cm?s Pa for 23.8% of water. For an equivalent water
content, a permeability 50 times greater (more than
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Table 2
Oxygen permeability of starch films containing two different sorbitol contents and function of EHR and water content

EHR (%) Sorbitol content (wt%)
8.8 28.0
Water content Oxygen permeability Water content Oxygen permeability
(107 cm® cm/cm cnt s Pa) (1076 cm® cm/cm cnt s Pa)
57 10.7 015+ 0.06 11.2 130+ 0.40
60 11.0 024+ 0.01 12.0 210+ 0.30
70 13.0 060 = 0.07 16.5 1A3+ 220
80 16.5 270 £ 0.90 22.0 12720 = 3540
90 23.8 430+ 0.40 29.0 9340 * 4820

200x 107 **cm® cm/cn? s Pa) was estimated for a sample mobilities (diffusion). Glassy polymers are characterised

containing 28.0% sorbitol. These values clearly show that by low mobility and long relaxation times, whereas rubbery

the addition of a small quantity of sorbitol has a moderating polymers show the opposite qualities (Stern, 1994). Diffu-

effect on oxygen permeability despite large variations in sion is therefore totally different in these two states. Per-

equilibrium relative humidity. meability depends especially on the available free volume
for diffusion of gas molecules within the polymer.

4. Discussion
4.1. Glassy state (ERH 0.57)

Although studies of the thermomechanical properties of

thin starch-based films (around 1(a@n) have already been Asd df hanical ies (Gaudi |
conducted (Gaudin et al., 1999; Lourdin et al., 1997b), s demonstrated for mechanical properties (Gaudin etal.,

measurements concerning thick films in 3-point bending 1999), changes in oxygen p_ermeablhty relative to sorbitol
mode allow better observation of variations of storage content shqwedad|scontl_nwty at aroun@ 21%foran ERH to
modulusE’ with temperature. The increase Bf through 0.57. Despltg a decrease in gla;s transition f'r.om around 90—
addition of sorhitol to starch is indicative of an antiplasticis- 30°C (Lourdin et al., 1997a), f|InJ permea_blllty decreased
ing effect attributable to the disappearance of local starch about ten-fold between 0 and 219% of sorbitol. Stern (1994)

mobility(ies). This effect is masked by the large variations npteq that in glassy state local motions are involved in the
in thermomechanical properties resulting from the glass diffusion of small molecules. In starch without added sor-

transition of sorbitol beginning at approximatetyl(°C. ?'tOI’ Ifocal m%b”'t'es re\égf?leq by l%W relaxtitloln tem??r:a-
A high modulus can be expected with this type of material ures favoured oxygen difiusion, whereas the 1oss of these
through the use of an additive whose glass transition mobilities, attributable to the creation of bonds between

temperature is higher than that of the material. starch and sorbitol, decreased oxygen permeability in the

Permeability, defined as the product of the coefficients of polymer. This phenomenon is comparable to that observed

solubility and diffusion, involves a thermodynamic factor in antiplasticised synthetic polymer such as polycarbonate

o I Robeson, 1969), polysulphones (Maeda & Paul, 1987a),
lubilit d a kinetic fact ffected b lecul (
(solubility) and a kinetic factor affected by molecular poly(phenylene oxide) (Maeda & Paul, 1987b) and more

— 1000 recently the starch/water system (Benczedi, 1999). Another
] relaxation or relaxations resulting mainly from the addition

Sr

of sorbitol do(es) not favour oxygen diffusion.

N

£ 800z F : .

= Z 4 For sorbitol contents greater than 21%, Gaudin et al.
£ 23 600% g (1999) showed that the mechanical plasticity of starch was
a5 f g E not due to a rubbery state but the probable appearance of

g,‘"i)”g 2 [ 4008, & clusters of sorbitol, indicating that the matrix was still in the
g% g 2 glassy state. Oxygen permeability, even though showing a
=ik 200 = reversal of tendency at 21% of sorbitol, did not increase

. ] abruptly, and the values obtained for high sorbitol

ot — 1w d g contents were comparable to those for a sample without

10 15 20 25 30 sorbitol. Therefore, the presence of clusters of sorbitol

water content (%) did not seem to favour permeability, probably because

Fig. 3. Influence of water content (Wt%) on oxygen permeability at ambient _Of the persistence of starch barr!er properties highly
temperature for two sorbitol contents (wt%): 8.8®)((left scale) and interactive with a part of the sorbitol limiting oxygen
28.0% @) (right scale). diffusion.
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4.2. Rubbery state (various ERH) made from sodium caseinate, starches, sugars or glycerol. Part 1.
Carbohydrate Polymers31, 179-192.

The minimum water contents required to obtain samples ASTM (1989).Annual book of ASTM standardsPhiladelphia, PA: Amer-

in rubbery stateT, < 20°C) were evaluated on the basis ofa __ican Society for Testing and Materials (D 3985-81). _
. dy involving sorption measurements (Lourdin Benczedi, D (1999). Esnmauon of the free volume starch—water barriers.
previous study | 9 p X Trends in Food Science and Technolpd§, 21-24.
et al., 1997b). Water contents were approximately 19 and Bradley, S. A., & Carr, S. H. (1976). Mechanical loss in polysaccharides.
15%, respectively, for 8.8 and 28.0% of sorbitol. For the Journal of Polymer Science, Polymer Physics Editibh 111-124.
sample containing 28.0% sorbitol, the marked increase in Gaudin, S., Lourdin, D., Le Botlan, D., llari, J. L., & Colonna, P. (1999).
oxygen permeability with increasing water content was Plasticisation and mobility in starch—sorbitol filmournal of Cereal
i Science29, 273-284.

prObably due to the transition fr(.)m a glassy to a rUbbery Horsley, R. A. (1957). In MorgarRlastics progressol. 77. London: Hiffe.
state. These r.eSUItS' co.rrespondlng to the pehawour ge_ner:lackson, W. J., & Caldwell, J. R. (1967). Antiplasticisation. Il. Character-
ally observed in synthetic polymers, are attributable to high  istics of antiplasticiserslournal of Applied Polymer Scienckl, 211—
molecular mobility in the amorphous phase, which facili- 226.
tates the diffusion of gas within the p0|ymer_ This state Jackson, W. J., & Caldwell, J. R. (1967). Antiplasticisation. Ill. Character-
induces permeability ”near'y dependent on gas pressure istics and properties of antiplasticisable polymémurnal of Applied

. . Polymer Sciencell, 227-244.
(Rogers, 1985). However, this effect was not observed in Kalichevsky, M. T., & Blanshard, J. M. V. (1993). The effect of fructose

the" system containing 8.8% sorbitol. Contrary to EXPEC-  and water on the glass transition of amylopec@arbohydrate Poly-
tations, the change between glassy and rubbery states did mers 20, 107-113.

not seem very favourable to oxygen diffusion within the Lourdin, D., Coignard, L., Bizot, H., & Colonna, P. (1997a). Influence of
matrix. Strong interactions between starch and sorbitol equilibrium relative humidity and plasticizer concentration on the water

: : content and glass transition on starch materi®slymer 38 (21),
persisted and were apparently dominant compared to the 4015406,

plast|g|_smg eﬂeq of V\{at?r' Thls relat.'ve Stab",'tY of.per- Lourdin, D., Bizot, H., & Colonna, P. (1997b). Antiplasticization in starch—
meability, despite variations in ambient humidity, is of glycerol films?.Journal of Applied Polymer Sciencé3, 1047—1053.
potential interest in the context of applications requiring Maeda, Y., & Paul, D. R. (1987). Effect of antiplasticization on gas sorption

the persistence of good starch barrier properties. and transport. . Polysulfon@ournal of Polymer Science, Part B: Poly-
mer Physics25, 957-980.

Maeda, Y., & Paul, D. R. (1987). Effect of antiplasticization on gas sorption
5. Conclusion and transport. Il. Poly(phenylene oxiddpurnal of Polymer Science,
Part B: Polymer Physig25, 981-1003.

Sorbitol allows the oxygen permeability of starch films to Nishinari, K., & Fukada, E. (1980). Viscoelastic, dielectric and piezoelec-
tric behaviour of solid amyloselournal of Polymer Science, Polymer

be modified. In_glassy _state, decreased pe_rmeablllty results Physics Edition18, 1609-1619.

from the creation of links between sorbitol and starch, orford, p. D., Parker, R., Ring, S. G., & Smith, A. C. (1989). Effect of water

reducing the motions needed for oxygen diffusion. Although  as a diluent on the glass transition behaviour of malto-oligo-sacchar-

the nature of the motions involved in secondary relaxations is  ides, amylose and amylopectimternational Journal of Biological

not completely clear, it would appear that changes in these Macromoleculesll, 91-96. o

secondary relaxations are responsible for the antiplasticisation°Pesen: L M- (1969). The effect of antiplasticization on secondary loss
. . . - transitions and permeability of polymerBolymer Engineering and

affecting mechanical properties as well as oxygen permeability.  gjenceg 277-281.

The effect of water depends on the sorbitol content of the rogers, C. E. (1985). Permeation of gases and vapours in polymers. In J.
sample. It has often been observed that higher water content  Comyn, Polymer permeability(pp. 11-75). London and New York:
leads to increased permeability in hydrophilic biopolymer  Elsevier. N _
films. This effect, often explained by glass/rubber transition, Ruiz-Trevino, F. A., & Paul, D. R. (1998). Gas permeability properties of
Was clearly present in films containing 28.0% sorbitol. but hlgh free volume pqumers m0d|f|eq by a low molecular weight addi-

. . o ! tive. Journal of Applied Polymer Science8, 403-415.
not in the sample containing 8.0% sorbitol. Although the szjame, m. (1986). Barrier polymers. In M. Bakkd@he Wiley encyclo-
nature of this effect is not entirely understood, it would Sseem  pedia of packaging technologpp. 48—54). New York: Wiley.

of interest for potential applications of this type of material. Scandola, M., Ceccorulli, G., & Pizzoli, M. (1991). Molecular motions of
polysaccharides in the solid state: dextran, pullulan and amyliotse-
national Journal of Biological Macromolecule$3, 254—260.
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