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EFFECT OF HEAT TREATMENT ON THE RHEOLOGY AND
MICROSTRUCTURE OF MAIZE STARCH GELS

Abstract
The normal and waxy maize starch pastes presented at 60°C a shear thinning, power law type behav
iour, with the consistency index decreasing with the rise of the pasting temperature from 100 to 130°C.
The structure index, for both types of pastes was on average about 0.4 and it was only slightly increasing
when the pasting temperature rose. The maize starch pastes presented much greater thixotropic properties
than did the waxy starch pastes. The gelation et 25°C followed the kinetic of the first order reaction. The
reaction rate constant was about 10 times lower for the waxy then for the normal maize starch gels. The
maize starch gels have the filamentous structure, while the waxy starch gels are composed of grapes of
small (0.1 μιη), roughly spherical particles.

Introduction
The main reason for using starch and its derivatives as additives in food prepara
tion is to retain water and to increase the product viscosity. Native starch granules have
semicrystalline structure and contain about 10-20% water [7, 17, 20-23, 31-32, 39-41].
At low water content (<1.5%) the crystalline structure remains unchanged even after
high temperature (232°C) treatment [7]. While heated in presence of excess water, wa
ter, above so called gelatinization temperature the starch granules loose their crystalline
structure. They are swelling and retain up to 80 g of water per gram of dry matter de
pending mainly on the starch species [2-4, 5-13, 26, 29, 32]. A part of starch (mainly
amylose) is solubilized during the gelatinization process [14-15, 19, 24-26, 33-34].
During cooling and storage the solubilized and hydrated amylose and amylopectin
either precipitate (at low concentrations) or form a gel [1-2, 9-10, 12, 16-18, 27-30, 3338] and eventually partly recrystallize [32, 35].
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The aim of this work was to study the effect of heating at temperatures over
100°C on the rheological properties and the microstructure of the normal and waxy
maize starch gels.

Materials and methods
The following raw materials were used: maize starch and waxy starch (Sigma,
Saint Quentin Fallavier, France). A controlled stress rhrometer type Carri-Med CS100
(Rheo, UK) with a cone (4°, 6 cm) and plate geometry was used for rheological meas
urements.
Two hundred millilitres of water suspensions containing 4% or 5% starch were
heated during 30 minutes at 100 to 135°C in a small (250 ml) stainless steel reactor
vessel with magnetic stirring. Then the pastes were cooled to 90°C and transferred on
tothe plate of the rheometer for rheological measurement. For microscopic studies the
gel samples were prepared from the starch suspensions containing 10% of normal or
waxy starch. They were heated at 110°C during 30 minutes then cooled to 25°C. The
heating and cooling rate was l°C/min. After cooling the samples were left overnight at
room temperature. Then they were dehydrated by the Critical Point Drying with CO 2,
carried out in an Emscope CPD 75, coated with Polaron E5 100 and then observed in a
JEOL 35 CF Scanning Electron Microscope at 5 to 15 kV.

Results and discussion
All analysed samples (Fig. 1) show shear thinning behaviour, with the logarithm
of the apparent viscosity (ηα in Pa-s) being proportional to the logarithm of the shear
rate (γ in s"1):
LogCna) = K + (η - 1) Log (γ)

(1)

where: K = consistency index or the logarithm of the apparent viscosity for the shear
rate γ = 1 s'1, n - structure or behaviour index.
The consistency index (K) decreases with the increase in pasting temperature,
following the Arrhenius type relation:
K = A + E/RT

(2)

where: A = hypethetical apparent viscosity level for T = infinity and γ = 1 s'1, E = acti
vation energy of flow in J/mol, R - gas constant - 8.314 J/m oľ1 . K '1, T = absolute
temperature (K).
With the increase of the pasting temperature, the apparent viscosity at 60°C, for
a given shear rate was decreasing, probably due to the progressing solubilisation of
amylose and amylopectin and the description of starch granules. The amplitude of the
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apparent viscosity changes in relation with the pasting temperature was higher for 5%
maize starch paste (M5%) than for the 4% waxy (M4%) starch paste (Fig. 1). The coef
ficient (A) from the equation (2) was -10.14 (±0.112) for the M5% against -4.84
(±0.103) for the W4%. The activation energy of flow (E) from the equation (2) was
respectively 34 (±1.65) and 17 (±2.0) kJ/mol for normal and waxy starch pastes (Fig.
2). The apparent viscosity of the pastes, measured at 60°C, was divided by a factor of
1.9 and 1.4 respectively for normal and waxy starches when the pasting temperature
rose by 10°C. But if taking into account a quite important dispersion of the experi
mental results the differences in the paste viscosity can only be observed for low
(<100°C) and high (,125°C) pasting temperatures.

T CC)

T (-C)

Fig. 1. Logarithm of the apparent viscosity at 60°C as a function of the pasting temperature and the loga
rithm of the shear rate for the 5% maize starch and 4% waxy starch pastes.

T(°C)

Fig. 2. Consistency index (K) at 60°C as a function of the pasting temperature (T in °C) for the 5% maize
(M5%) starch and 4% waxy (W4%) starch pastes.
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T(°C)
Fig. 3. Structure or behaviour index (n) at 60°C as a function of the pasting temperature (T in °C) for the
5% maize (M5%) starch and 4% waxy (M4%) starch pastes.

The structure of behaviour index (n) from the equation (1) was on average about
0.4 and it was slightly rising with the increase of the pasting temperature (Fig. 3). For
both types of starch this increase was relatively small if compared with the scattering
of the experimental results. The standard deviation was about 0.04, while the average
amplitude of the increase of the coefficient (n) was 0.19 for the normal and 0.09 for the
waxy starch pastes for the pasting temperature rise from 100°C to 130°C.
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Fig. 4. Thixotropic area at 60°C as a function of the pasting temperature (T in °C) for the 5% maize
(M5%) starch and 4% waxy (W4%) starch pastes.

Basing on the experimentally found evolution of (K) and (n) coefficients from the
equation (1) as a function of the gelatinization temperature, we calculated the thixo-
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tropic areas enclosed withim the hysteresis loops for the plots of the apparent viscosity
against the shear rate (Fig. 4). For the normal maize starch pastes, for the first shearing
cycle, the thixotropic area at 60°C is almost independent on the gelatinization tem
perature. For the first cycle the thixotropic area represents 50-80% of the total area of
the apparent viscosity versus shear rate plots for the increasing shear rate. It decreases
to only about 20-30% for the successive shearing cycles. It means that already at 60°C
the maize starch paste is quite well structured. For the waxy starch pastes the thixo
tropic ares decreases with the rising of the gelatinization temperature (Fig. 4). At the
same time the relative importance of the thixotropic area is much smaller. It represents
only between 10 and 25% of the apparent viscosity versus shear rate plots area for the
increasing shear rate. This confirm the low structuring capacity of the waxy starch,
composed in 99% of the amylopectin.
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Fig. 5. Logarithm of the complex modulus (G*) evolution during cooling the maize 5% (M5%) and waxy
4% (W4%) pastes from 90°C to 25°C.

During the cooling from 90 to 25°C, the semi-liquid starch pastes are transformed
in semi-solid gels. The complex modulus (G*) was gradually increasing for both types
of starch, but the amplitude of the modulus rise was much higher for the M5% than for
the W4% paste (Fig. 5). Also the kinetic of the modulus changes was different for both
types of pastes. Between 80 add 70°C the modulus increase was very high for the M5%
paste, white for the W4% paste the rate of modulus increase was low and almost uni
form for the whole temperature range (90-25°C).
The shift angle was very high (~80°C) for the W4% paste at 90°C and it decreased
only slightly, to -50° at 25°C (Fig. 6). For the M5% paste already at 90°C the shift
angle was ~55°C and it decreased rapidly between 80 and 70°C to ~35°C and then
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slowly to ~10°C at 25°C. The shift angle is 90° for purely viscous bodies and 0° for
purely elastic bodies. It is in between 90 and 0° for viscoelastic materials. From this
point view the W4% paste is more viscous than elastic and the M5% paste is more
elastic than viscous. This is due to the presence of amylose in the M5% pastes. Similar
type of the viscosity, modulus and the shift angle evolution during cooling the potato
and barley, wheat and maize starch pastes [1, 33].
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Fig. 6. Shift angle evolution during cooling the maize 5% (M5%) and waxy 4% (W4%) pastes from 90°C
to 25°C.
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Fig. 7. Logarithm of the complex modulus (G ) evolution during 15 hours storage aat 25 °C of the maize
5% (M5%) and waxy 4% (W4%) pastes.

During the storage at 25°C, the modulus continued to grow (Fig. 7), following the
kinetic of the order reaction:
Gt —Ge {1 - exp[-k(t - tG)]}

(3)
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where: Gt = complex modulus level (Pa) after time t (s), Ge = equilibrium level of the
complex modulus, to = latency time (s) and k = reaction rate constant (s'1).
All three parameters of the equation (3) were very much different for both ana
lysed types (M5% and W4%) of starch pastes (Fig. 7). The equilibrium modulus (Ge)
was about twice higher and the reaction rate constant (k) was -1 0 times higher for the
M5% than for the W4% gels. As the gelation process was already well advanced when
the product temperature was decreased to 25°C, so the latency time (tQ) here is the hy
pothetical time period between the beginning of the storage period at 25°C and the
moment when the modulus versus time curve, calculated by the equation (3), crosses
G* = 0 Pa level.
60

σ>
<D

\

T = 25°C

50

-O 40
φ

ШЛО/
VV4/°
*'**·····.

30

<

€JZ

20

" ' ....... M5%
--- ' ........... ... 1

0
0

5

10

15

Time (hours)
Fig. 8. Shift angle evolution during 15 hours storage at 25 °C of the maize 5% (M5%) and waxy 4%
(W4%) pastes.

The shift angle continued to decrease during the storage at 25°C (Fig. 8). The
equilibrium level of about 2-3° was reached after about 3 hours of storage for the M5%
gel. With the shift angle close to 0°, the M5% gel is almost purely elastic. On the other
hand the evolution of the shift angle for the W4% gel was much slower. It passed
through 45° level, considered sometimes ass the sometimes as the gel point, after about
3 hours of storage at 25°C and it continued to decrease, reaching 24° after 15 hours of
storage.
The starch gels, prepared from 10% normal and waxy starch suspensions have
quite different microstructure (Fig. 9). In the native maize starch gel (M10%) the
swollen starch granules are still visible. They have a filamentous structure and they are
interconnected by a network of filaments 0.1-0.2 μιη thick and several μπι long. Simi
lar filamentous structure was observed outside the starch granules in the wheat starch
gels [29]. In the waxy starch gels the starch granules in observed. The gel is composed
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of the small (0.1-0.2 μπι) roughly spherical particles quite densely aggregated in
grapes of variable dimensions, interconnected by the filaments, composed of more or
less linearly aggregated small particles.

Fig. 9. Scanning electron micrographs of 10% waxy (W10%) and normal maize (M10%) starch gels.
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W PŁYW OGRZEW ANIA NA REO LO G IĘ I MIKROSTRUKTURĘ ŻELI ZE SKROBI
KUKURYDZIANEJ
Streszczenie
W temperaturze 60°C lepkość kleików, z normalnej i woskowej skrobi kukurydzianej, obniżyła się
wraz ze wzrostem prędkości ścinania. Dla zakresu temperatury kleikowania od 100 do 130°C, indeks
konsystencji był odwrotnie proporcjonalny do temperatury kleikowania. Indeks struktury był średnio na
poziomie 0,4 i bardzo nieznacznie wzrastał z temperaturą kleikowania. Kleiki z normalnej skrobi kukury
dzianej wykazywały znacznie wyższe własności tiksotropowe niż ze skrobi woskowej. Proces żelowania
w temperaturze 25°C przebiegał zgodnie z kinetyką reakcji pierwszego rzędu. Stała prędkości reakcji była
około 10 razy niższa dla skrobi woskowej. Żele ze skrobi normalnej miały strukturę włóknistą, natomiast
ze skrobi woskowej charakteryzowały się strukturą ziarnistą. ^

