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ABSTRACT:

The rheological behaviour of hydrated maize starch is investigated by means of a Haake internal mixer equipped
withasealed chamber.Results were obtained attemperatures between 89 and 115°Cwith watercontent between
25 and 30%. Through a proper calibration torque measurements and rotation speeds are converted to shear
stress and shear rate data and this leads to the plot of a flow curve in the 10 - 1000 s range. The data are com-
pared with results of capillary rheometer and show that the mixer enables a reproducible plastification of the
maize starch. The viscosity of the maize starch in the high shear rate range can be described by an apparent
power law taking into account the moisture and temperature effects. On a larger range of shear rate, a Carreau
law is preferred but the dependence on the temperature can only be described with shift factors that require a
moisture dependent activation energy. Finally, this later discrepancy can be avoided by using a reference tem-
perature to fulfil the iso-free volume condition by taking a constant temperature difference towards the glass
transition of the samples. The glass transition is calculated by the Couschman and Karasz equation.

ZUSAMMENFASSUNG:

Das rheologische Verhalten hydrierter Maisstarke wird hier mit Hilfe eines Haake ,,internal mixer®, ausgestattet
mit einem ,sealed chamber untersucht. Ergebnisse wurden fiir Temperaturen zwischen 89 und 115°C, bei einem
Wassergehalt von 25 und 30% erhalten. Unter Ausnutzung einer geeigneten Kalibriermethode lassen sich die
Drehmoment-Messungen und Rotationsgeschwindigkeiten in Scherspannungen und Scherraten umrechnen, so
dass sich Fliesskurven im Bereich von 10 - 1000 s ergeben. Die Daten werden mit Messungen an einem Kapillar-
rheometer verglichen. Dabei zeigt sich, dass der Mischer eine reproduzierbare Plastifizierung der Maisstarke
zulasst. Die Viskositat der Maisstarke lasst sich im Bereich hoher Scherraten durch ein Potenzgesetz-Verhalten
beschreiben, welches Feuchtigkeits- und Temperatureffekte beriicksichtigt. Uber einen grésseren Bereich von
Scherraten wird ein Carreau-Gesetz bevorzugt, aber die Temperaturabhangigkeit lasst sich dann nur tber Kor-
rekturfaktoren modellieren, die feuchtigkeitsabhangige Aktivierungsenergien enthalten. Diese Diskrepanz lasst
sich auflésen, indem eine Referenztemperatur verwendet wird, bei der gleiche freie Volumina vorliegen, indem
ein konstanter Temperaturabstand zur Glastibergangstemperatur der Proben als Referenz gewahlt wird. Die
Glastibergangstemperatur wird dabei nach der Gleichung von Couschman und Karasz erhalten.

RESUME:

Le comportement rhéologique d’amidons de mais hydratés a été analysé a I'aide d’'un mélangeur interne Haake
équipé d’une chambre étanche pour des températures comprises entre 89 et 115°C et des taux d’humidité vari-
ant entre 25 et 30%. Une calibration adéquate permet de convertir les valeurs de couple et de vitesse en con-
trainte et gradient de vitesse de cisaillement pour obtenir finalement une courbe d’écoulement entre 10 et 1000
s1. Les données sont comparées avec des résultats de rhéométrie capillaire et montrent que le mélangeur per-
met d’obtenir une plastification reproductible et contrélée de 'amidon. La viscosité a haut gradient de vitesse
de 'amidon de mais peut étre décrite par une loi puissance prenant en compte les effets de la température et
de 'humidité. Sur un domaine élargi de gradients de vitesse, une loi de Carreau est préférable mais la dépen-
dance a la température requiert 'utilisation de facteurs de translation décrits par une énergie d’activation qui
dépend de I'hydratation. En fait, ce probléme peut étre résolu par I'utilisation d’une température de référence
qui satisfasse une condition d’iso-volume libre par I'utilisation d’une différence de température constante par
rapport a la transition vitreuse des échantillons. Cette température est calculée par I'équation de Couschman
et Karasz.
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Table 3 (above): Glass
temperature, theoretical
and practical reference
temperature.

Figure 8 (below):

Shift factors in an iso-free
volume condition or
different reference
temperature (115 (0), 107 (A),
and 97.5 °C ({7)). The
corresponding glass
transitions are such that

the temperature difference
toward Tg is constant and

equal to 95 °C.
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zontalshiftfactorsar,r fromthe measurements

intheinternal mixeryieldsasingle curve.lnorder
to checkthis assertion, the glass transition of the
hydrated starch were calculated using the
Couschman and Karasz equation [21] according
to the work of Orford et al.[22] and Kalichevsky
et al.[23]:

pStarch

T = HTgHzoACPHzO B (1 B H)TgStarchAC

! HACpHZO - (1 - H)Acpstarch (7)

With ACy1,0=1.941/8,ACpstarch=0-473/8, TgHz0
=145°K, and Tystq.ch = 500°K.
Tab.3summarizesthe glass transition of
the different samples. The shift factors were
evaluated at the temperature Tg, as close as pos-

sible to the temperature Tsuch as T - Tg =95°C.
Fig. 8 gives a plot of the shift factors as a func-
tion of T - Tp which gives a single mastercurve in

the range of uncertainty of the measurements
and glass transition. This could also be written:

n(15°C, 25% H,0) =
n(107°C, 27.5% H,0) =

1(97.5°C, 30% H.,0) (8)

4 CONCLUSION

The renewed interest on the development of
biopolymers for food packaging purpose has
been rapidly growinginthe pastyears.Intheear-
liest attempt, these materials were blended with
conventional thermoplastic polymers in order to
promote the fragmentation of plastics like poly-
ethylene for short term use in agricultural appli-

cations. However, this solution has turn to be
unsafe and the interest has now focused on fully
biodegradable materials such as starch and its
derivative.

The key problem is to obtain low cost

products. Maize flour is an interesting material
from this point of view since its price is compet-
itive with that of conventional commodity poly-
mers. Nevertheless a low final cost could only be
achieved if the maize flour may be processed
with classical techniques such as film blowing or
cast film extrusion with only minor changes
within the tools and process. For this purpose,
there is afirstly need to get a better understand-
ing of the phenomena that are involved during
the plastification of such polymersin presence of
plasticizers such as water or glycerol. Secondly,
the knowledge of their rheological behaviour in
the melt is certainly an obliged step for a proper
design of the tools (screws and dies) that will be
required.
The problem is quite complicate since the evalu-
ation of the rheological behaviour of hydrated
maize starch in the intermediate temperature
and moisture range (9o °C< T< 120 °Cand 0.25 <
H < 0.35) requires the plastification of the sam-
ples. In addition, these measurements must be
performed during or just after the gelatinization
has occurred otherwise the resulting gel hardly
flows. For these reasons, special devices such as
instrumented dies following screw extrusion or
a Couette mixer are described in the literature.

Inthis paper, this investigation is carried
outin aninternal mixer. After proper calibration,
this enables to get a flow curve that is consistent
with results from the literature. Various equa-
tions describing the variation of the viscosity
with shear rate and taking into account the
effects of both the temperature and the water
content are described in relation to similar data
from various authors. The complex dependence
of the rheological behaviour on variables such as
temperature, time and moisture can be greatly
simplified by the use of an iso-free volume con-
dition. In this condition, the viscosity at any ref-
erence temperature, such that the temperature
difference towards the glass transition temper-
atureis constant, should be identical. Indeed, the
glass transition temperature itself contains the
essential features of the influence of the water
on the rheology of these materials.

axtract of the complete reprint-pdf, available at the Applied Rheology website
http://www.appliedrheology.org

Applied Rheology

July/August 2002



ACKNOWLEGEDMENT

The “Région Rhéne-Alpes” and company Clextral
are gratefully acknowledged for their financial
support.

REFERENCES

(1]

[2]

(3]

(4]

(5]

(6]

(7]

(8]

[9]

[10]

Suortti T, Gorenstein MV, Roger P, Armstrong
DW: Determination of the molecular mass of
amylose, Journal of chromatography 828 (1998)
828, 515-521.

Balta Calleja FJ, Rueda DR, Secall T, Bayer RK,
Schlimmer M: Influence of processing methods
on starch properties, J. Macromol. Sci. - Phys. B38
(1999) 461-469.

Morrison WR, Tester RF, Gidley MJ: Properties of
damaged starch granules. II: Crystallinity, mole-
cular order and gelatinisation of ball - milled
starches, J. Cereal Sci. 19 (1994) 209-217.

Hoover R, Manuel H: The effect of heat - mois-
ture treatment on the structure and physico -
chemical properties of normal maize, waxy
maize, dull waxy maize and amylomaize V
starches, J. Cereal Sci. 23 (1996) 153-162.

Kwak YT, Winter WT: Low temperature exotherm
instarch / water systems: Aretrogradation mark-
er, J. Appl. Polym. Sci. 35 (1988) 2091-2098.
Jenkins PJ,Cameron RE, Donald AM, Bras W, Der-
byshire GE, Mant GR, Ryan AJ: In situ simultane-
ous small and wide angle X - Ray scattering: a
new technique to study starch gelatinisation, J.
Polym. Sci. 32 (1994) 1579-1583.

Hizukuri S: Polymodal distribution of the chain
lengths of amylopectins, and its significance,
Carbohydr. Res. 147 (1986) 342-347.

Cameron RE, Donald AM: A small-angle X - Ray
scattering study of the absorption of water into
the starch granule, Carbohydr. Res. 244 (1993)
225-236.

Conde - Petit B, Nuessli J, Handschin S, Escher F:
Comparative characterization ofaqueous starch
dispersions by light microscopy rheometry and
iodine binding behaviour, Starch / Starke 5o
(1998) 184-192.

Atkin NJ,Cheng SL, Abeysekera RM, Robards AW:
Localisation of amylose and amylopectin in
starch granules using enzyme - gold labelling,
Starch / Starke 51(1999) 163-172.

This is an extract of the complete reprint-pdf, available at the Applied Rheolo

]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Lai LS, Kokini JL: Physicochemical changes and
rheological properties of starch during extru-
sion: Areview, Biotechnol. Prog. 7 (1991) 251-266.
Padmanabhan M, Bhattacharya M: Flow behav-
ior and exit pressure of corn meal under high
shear-high temperature extrusion conditions
using a slit die, J. Rheol. 35 (1991) 315-343.
Padmanabhan M, Bhattacharya M: Effect of
extrusion processing history on the rheology of
corn meal, J. Food Eng. 18 (1993) 335-349.
Vergnes B, Della Valle G, Tayeb J: A specific in-
line rheometer for extruded starchy products,
Rheol. Acta. 32 (1993) 465-476.

DellaValle G, Vergnes B, Tayeb J: Measurements
of the viscosity of low hydrated molten starches
with a new in-line rheometer (Rheopac), Entropy
169 (1992) 59-63.

Vergnes B, Villemaire JP: Rheological behaviour
of low moisture molten starch, Rheol. Acta 26
(1987) 570-576.

Bousmina M, Ait-Kadi A, Faisant JB: Determina-
tion of shear rate and viscosity from batch mixer
data, J. Rheol. 43 (1996) 415-433.

Goodrich JE, Porter RS: A Rheological interpreta-
tion of torque rheometer data, Polym. Eng. Sci. 7
(1967) 45-51.

Shogren RL: Effect of moisture content on the
melting and subsequent physical aging of corn
starch, Carbohydr. Polym. 19 (1992) 83-90.

lloS, Tomschik U, Bezrghofer E, Mundigler N: The
effect of extrusion operating conditions on the
apparent viscosity and the properties of extru-
dates in twin screw extrusion of maize grits,
Lebensm. Wiss. u. Technolog. 29 (1995) 593-598.
Couchman PR, Karasz FE: A classical thermody-
namicdiscussion of the effect of composition on
glass transition temperatures, Macromolecules
11 (1978) 117-119.

Orford PD, Parker R, Sing SG, Smith AC: Effect of
water as a diluent on the glass transition behav-
iour of malto-oligosaccharides, amylose and
amylopectin, Int. J. Biol. Macromol. 11 (1989) 91-
96.

Kalichevsky MT, Jaroszkiewicz EM, Ablett S, Blan-
shard JMV, Lilliford PJ: The glass transition of
amylopectin measured by DSC, DTMA and NMR,
Carbohydrate Polymers 18 (1992) 77-88.

http://www.appliedrheology.org

Applied Rheology
July/August 2002

gy website




