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Abstract

A general procedure was developed to measure the degree of gelatinisation in samples over a broad concentration range. Measurements
based on birefringence, DSC (Differential scanning calorimetry), X-ray and amylose-iodine complex formation were used. If a 10 w/w %
wheat starch-water mixture was used, each method resulted in approximately the same degree of gelatinisation vs. temperature curve. In
case the gelatinisation of a 60 w/w % wheat starch—water mixture was followed as a function of the temperature, each method resulted in
adifferent degree of gelatinisation vs. temperature curve. DSC and X-ray measurements are preferred, because they can be used to determine
when the final stage of the gelatinisation process has been completed. Birefringence and amylose-iodine complex formation measurements
are suitable alternatives if DSC and X-ray equipment is not available, but will lead to different results. The differences between the methods
can be explained by considering the phenomena that take place during the gelatinisation at limiting water conditions.

Based on the experimental data obtained with DSC and X-ray measurements, the gelatinisation of 10 w/w % and 60 w/w % wheat
starch-water mixtures started at the same temperature (approximately 50 °C). However, complete gelatinisation was reached at different
temperatures (approximately 75 °C and 115 °C for, respectively, 10 w/w % and 60 w/w % wheat starch-water mixtures) according to the
experimental DSC and X-ray data. These results are in accordance with independent DSC measurements that were carried out.

The Flory equation was adapted to provide a quantitative explanation for the curves describing the degree of starch gelatinisation as a
function of the starch-water ratio and the temperature. The gelatinisation curves that were obtained with the model are in good agree-
ment with the experimentally determined curves. The parameters 7%, AH, and y; that resulted in the lowest sum of the squared residuals
are 291 4 63 °C, 29.2 £ 3.9 kJ/mol and 0.53 & 0.05 (95% confidence interval). These values agree with other values reported in literature.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Starch is a biopolymer that occurs naturally as water-in-
soluble and birefringent granules. Each granule consists of
concentric growth rings of alternating amorphous and
semi-crystalline composition. The semi-crystalline growth
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rings contain stacks of amorphous and crystalline lamellae.
The crystalline lamellae consist of chain sections of amylo-
pectin that form double helices (type A), while other chain
sections of amylopectin form connections between the heli-
ces (type B). Branching points of both A and B chains of
amylopectin are usually found within the amorphous
lamellae (Jenkins et al., 1994; Waigh, Gidley, Komanshek,
& Donald, 2000).

When a suspension of starch is heated in the presence of
excess quantities of water, an irreversible order—disorder
transition called gelatinisation takes place (Cooke &
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Gidley, 1992; Jenkins & Donald, 1998; Liu & Lelievre,
1993). During gelatinisation, starch granules take up water,
swell, lose crystallinity and leach amylose (Parker & Ring,
2001). In addition, heat is taken up, according to the char-
acteristic gelatinisation endotherm that can be measured
with Differential scanning calorimetry (DSC). If the
amount of water is insufficient to provide complete swelling
and disruption of the starch granules, only part of the crys-
tallinity of the starch granules is lost. The remaining crys-
tallinity only disappears after heating to higher
temperatures. A melting transition occurs giving rise to
an additional DSC endotherm (Donovan, 1979; Eliasson,
1980; Randzio, Flis-Kabulska, & Grolier, 2002; Whittam,
Noel, & Ring, 1990). For a brief overview of the qualitative
models describing the gelatinisation of starch we refer to
Jenkins and Donald (1998). A more recent qualitative
model was developed by Waigh et al. (2000) using a
liquid-crystalline approach to describe the gelatinisation
of starch. The Flory equation has been used by several
authors for a quantitative description of the gelatinisation
or melting temperature as a function of the starch concen-
tration (Burt & Russell, 1983; Donovan, 1979; Donovan &
Mapes, 1980; Donovan, Lorenz, & Kulp, 1983; Parker &
Ring, 2001; Russell, 1987; Whittam et al., 1990).

Several analysis techniques are used to study different
aspects of the gelatinisation process. Birefringence is used
to follow the ordering in the granule on the length scale
of the wavelength of light (approximately 500 nm) (Lelie-
vre, 1974; Waigh et al., 2000). Wide angle X-ray scattering
(SAXS) and short angle X-ray scattering (WAXS) can be
used to follow, respectively, short-range order (crystalline
double helices) and long-range order (alternating crystal-
line and amorphous lamellae) (Jenkins et al., 1994). Where
X-ray scattering probes the double helices packed in regu-
lar arrays, solid state NMR detects the double helix con-
tent at a molecular order level (Cooke & Gidley, 1992;
Gidley & Bociek, 1985). IR spectroscopy can also be used
to follow the gelatinisation of starch on a short-range
molecular level, because the IR spectrum of starch is affect-
ed by changes in structure such as starch chain conforma-
tion, helicity and crystallinity (Van Soest, Tournois, de
Wit, & Vliegenthart, 1995). Liu, Lelievre, and Ayoung-
Chee (1991) have found a quantitative correlation between
crystallinity loss and thermal transitions during the gelatin-
isation of starch, since melting is a first order transition
accompanied by a heat effect that can be measured well.
Therefore, DSC measurements can also be used to follow
the loss of order that takes place during the gelatinisation
process. Amylose chains are released during the gelatinisa-
tion process and these chains can be determined colorimet-
rically (Birch & Priestley, 1973), as dissolved amylose
forms a blue complex with iodine (Calabrese & Khan,
1999). When a starch-water mixture gelatinises, the water
distribution and manner at which water is bound to the
starch matrix changes (Tang & Hills, 2001). These changes
affect the dielectric properties of the starch-water system
and for this reason conductance measurements can be used

to monitor the gelatinisation process (Karapantsios, Sak-
onidou, & Raphaelides, 2000). Besides the conductance,
the viscosity of the starch—water mixture also changes dur-
ing gelatinisation due to swelling of the granules. Monitor-
ing the viscosity can therefore also be used to follow the
gelatinisation. After starch has been gelatinised, it is sus-
ceptible to hydrolytic enzymes (Tester & Sommerville,
2001). For this reason, enzymatic methods have also been
used to investigate the gelatinisation process indirectly
(Roussel, Vieille, Billet, & Cheftel, 1991).

Comparisons between the analysis methods were made
to elucidate the mechanisms that take place during the
order—disorder transition of the gelatinisation process
(Chaiwanichsiri, Ohnishi, Suzuki, Takai, & Miyawaki,
2001; Cooke & Gidley, 1992; Liu et al., 1991; Waigh
et al., 2000). Liu et al. compared birefringence and X-ray
measurements during the gelatinisation of a 2 w/w % corn
starch suspension. However, these authors did not compare
these measurements at higher starch concentrations.

In this article, DSC, X-ray, birefringence and amylose—
iodine complex formation measurements will be used to
determine the degree of gelatinisation in 10 w/w % and
60 w/w % starch suspensions in water. A general procedure
was developed to measure the degree of gelatinisation at
both low and high starch concentrations. Furthermore,
the observed differences between the analysis techniques
will be discussed. In addition, the differences between the
gelatinisation behaviour of diluted and concentrated starch
suspensions will be explained based on the Flory equation.
The Flory equation is adapted to describe the degree of gel-
atinisation as function of both temperature and starch
concentration.

2. Theory

The Flory equation is often used to relate the melting
temperature 7, of a polymer in a polymer—diluent mixture
to the volume fraction ¢, of the diluent (Flory, 1953):

1 1 R V
T__T_OZ (H V_?) : [451 _Xl2¢ﬂ (1)

where 7? is the melting point of the pure polymer, R is the
gas constant, 4H, the heat of fusion per repeating unit, V'
and V, are the molar volumes of the diluent and the repeat-
ing unit of the polymer and y, is the Flory—Huggins poly-
mer—diluent interaction parameter. In addition, we have
assumed that the ratio V,/V; and y,, are temperature inde-
pendent. The Flory-Huggins interaction parameter is
known to depend linearly on the reciprocal of the absolute
temperature (Rudin, 1999). Therefore, y;, decreases with
20% over the temperature interval of interest (50-115 °C).
This variation is not too large and for this reason the
assumption of a constant y;, parameter seems justified.
In the derivation of Eq. (1), it is assumed that the heat of
fusion and the entropy of fusion do not depend on the tem-
perature. According to Hoffman (1958), Van Krevelen
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(1976) and Mandelkern (1989), this assumption is not jus-
tified anymore for large differences in 7}, and T° . Hoffman
(1958) assumed that the enthalpy of fusion depends linearly
on the temperature. In turn, this enthalpy equation can be
used to derive an equation to describe the entropy of fusion
as a function of the temperature. The Flory equation can
now be derived by taking into account the temperature
dependency of the free energy difference involved in the
melting transition (composed of the enthalpy and entropy
equations). Application of Hoffman’s approximation is
only valid when the temperature that is considered is larger
than the glass transition temperature and smaller than 7°.
Application of Hoffman’s approximation leads to the fol-
lowing equation:

11 R V, T
T_m_T_O = (E 71> : (T_m) : [4)1 - X12¢ﬂ (2a)
This equation can be rewritten in a more useful form lead-
ing to Eq. (2b):
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We would like to use Eq. (2b) to describe the relation be-

tween the starch concentration, melting temperature and

degree of gelatinisation of starch in starch-water mixtures.

To achieve this aim, the procedure described below can be
followed.

The degree of crystallinity (o) of the polymer (starch) is
given by:
V3

o = (3)

L2 C
vy + v

where vj is the volume of amorphous starch and v§ is the
volume of crystalline starch. This equation can be rewritten
to obtain:

vy = (05 +05) (1 — ) (4)

The volume fraction of the solvent in the amorphous part

of the system (¢;) and the overall volume fractions of the

solvent (¢]) can be calculated with:

Vi

¢l - v 4 VEZI )
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(5a)

b1 (5b)
where v, is equal to the volume occupied by the solvent.
Substitution of Eq. (4), dividing the denominator and
numerator through v; +v3 415, substitution of Eq. (5b),
and substitution (,blT =1- ¢§ changes Eq. (5a) into
_ 145
1 - Ol - (ls;r
where (ﬁ; is the overall volume fraction (averaged over the
crystalline and amorphous part of the system) of the starch.

Only part of the native starch is crystalline (Cooke &
Gidley, 1992) and the remaining non-crystalline fraction

b (6)

cannot crystallize, e.g. those chain sections close to a
branching point. This non-crystalline fraction acts as an in-
ert part of the system. For this reason, the relative crystal-
linity can be used instead of the degree of crystallinity.
Therefore, o, in Eq. (6) can be replaced with 1-DG, in
which DG stands for the degree of gelatinisation. This
replacement results in the following equation after substi-
tution in Eq. (2b):

0 R & (702
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2
1-¢; . 1-¢,
I-(1-DG)-¢1) “*\1-(1-DG)- ¢
(7)
Eq. (7) gives a relationship between the melting tempera-

ture, the starch concentration and the degree of gelatinisa-
tion of starch in starch-water mixtures.

3. Experimental
3.1. Materials

Wheat starch (S5127) was obtained from Sigma-Al-
drich (Steinheim, Germany) and it had a moisture con-
tent of 9.9540.43 w/w % (based on 22 measurements,
95% confidence interval). The moisture content was
determined by drying the wheat starch in a hot air oven
at 105 °C or in a vacuum oven at 80 °C until the mass of
the samples was constant in time. The water content of
wheat starch was taken into account during all
experiments.

All other chemicals (potassium hydroxide, fuming
hydrochloric acid, potassium iodide, iodine crystals) were
at least analytical grade and they were purchased from
Merck (Darmstadt, Germany). Milli-Q water was used
for all experiments.

3.2. Gelatinisation of starch in starch—water mixtures

For the gelatinisation of 10 w/w % starch-water mix-
tures, a temperature controlled batch reactor equipped
with anchor stirrer was used. A Philips HR 7638 kitchen
machine (Amsterdam, The Netherlands) was used to pre-
pare 60 w/w % starch slurries (also for DSC measure-
ments). These slurries were gelatinised or melted in a
compression molder from PHI (City of Industry, USA).
The mould consisted of three stainless steel plates with
dimensions 300 x 350 mm. The upper and lower plate had
a thickness of 4 mm. The middle plate had a rectangular
hole with dimensions 180 x 120 x 5 mm. To facilitate the
removal of the sample from the mould, the sample was cov-
ered with printable plastic overhead slides on both sides of
the middle plate. The pressure applied to the mould was
6 ton, which was sufficient to keep water loss due to evap-
oration negligible.
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During all gelatinisation experiments, the starch solu-
tions or slurries were first heated to the desired temperature
and held at this temperature for 45 min to equilibrate the
starch—-water mixture.

3.3. Handling of samples

To reduce recrystallization, samples taken from the
batch reactor or compression molder were immediately
transferred to a vessel with liquid nitrogen. After the sam-
ples were completely frozen, they were stored in an —80 °C
freezer until further use.

After storage, the samples were freeze-dried in a Christ
Epsilon 2-6D freeze dryer (Osterode am Harz, Germany)
prior to analysis. Freeze-drying was started at —20 °C
and 1.030 mbar for 7 h followed by a second drying stage
at —5°C and 0.01 mbar for 12 h. The freeze-dried samples
were grinded in an analytical mill (type A10) from IKA
(Staufen, Germany) and sieved to obtain a fine powder that
could be dissolved easily. The powder obtained after siev-
ing was stored in a desiccator before further use.

3.4. Birefringence measurements

A 1 w/w % solution of the freeze-dried starch powder
was stirred for 1 h. After mixing, approximately 20 ul of
this solution was transferred to a microscopic slide and
viewed under normal and polarized light using a Zeiss Axi-
oscop 50 (Jena, Germany) equipped with a CCD camera
module. Pictures of different locations on the slide were
taken randomly both under normal and polarized light.
The total number of granules (n;) and the number of gran-
ules that had not lost their polarization or Maltese crosses
(nm) was determined. The ratio n,,/n; can be used as a mea-
sure for the degree of gelatinisation of the sample (Bauer &
Knorr, 2005; Burt & Russell, 1983; Liu et al., 1991). Gran-
ules or parts of granules with part of the Maltese cross still
present were taken as ungelatinised granules during the
analysis.

3.5. Amylose—iodine complex formation

The amylose-iodine method used in this article is an
adapted version of the method developed by Birch and
Priestley (1973). A freeze-dried sample (0.04 g) was dis-
solved in 50 ml of 0.15 M KOH and the solution was mixed
for 15 min. The resulting solution is centrifuged to remove
the insoluble part of the sample. After centrifugation, 1 ml
of the supernatant is removed and neutralized with 9 ml
0.017 M HCI. Subsequently, 0.1 ml iodine reagent (1 g
iodine and 4 g potassium iodide in 100 ml water) was added
to form a blue complex with the dissolved amylose present
in the sample. The absorbance was measured at 25 °C and
600 nm (A4). The procedure was repeated, however, in this
case 0.40 M KOH was used to ensure complete solubilisa-
tion of all the amylose present in the sample. The superna-
tant was neutralized with 0.045M HCI. After adding

0.1 ml iodine reagent, the absorbance at 25°C and
600 nm was measured (A4,). The ratio 4;(0.15M KOH)/
A»(0.40 M KOH) can be used as a measure for the degree
of gelatinisation of the sample.

3.6. Wide angle X-ray diffraction

Diffractograms were recorded with a Philips PC-APD
diffractometer. The scattered X-ray radiation was recorded
by a proportional moving detector over a 4° and 40° (26)
angular range with an angular scanning velocity of 1.2°/
min and a measurement frequency of 1s~'. The Cu Ka
radiation from the anode operating at 40 kV and 50 mA
was monochromated with use of a 15-mm thick Ni foil.
The diffractograms were smoothened with the computer
program ‘Table Curve 2D’ (Jandel Scientific, 1994, version
2.0, San Rafael, USA) by applying Savitsky—Golay data
smoothening (5% smoothening). The procedure of Van
Soest et al. (1995) was used for the determination of the rel-
ative crystallinity. For wheat starch, the characteristic peak
at 26 =22.9° was seclected. A straight line was used to
approach the baseline below the characteristic peak.
A Matlab script was used to calculate the slope and y-inter-
cept of the baseline. In addition, this script was used to
calculate the total area below the characteristic peak (A4,),
the total area below the characteristic peak minus the area
below the baseline (A.), the height of the characteristic
peak (H,), and the total height of the characteristic peak
minus the height of the baseline at the diffraction angle at
20 =22.9° (H.). The ratios Ry = A./A; and Ry = H./H,
were obtained for native wheat starch (100% relative crys-
tallinity) and for completely gelatinised or molten wheat
starch (0% relative crystallinity) The relative crystallinity
of a sample based on peak areas (X;o) or peak heights
(X;g) can now be determined with the following equations:

(Ra)s. y  — (Ru)
(Ra),” =" (Ru)

where the subscript n stands for native wheat starch and
the subscript s stands for sample. The relative crystallinity
can be used as a measure for the degree of gelatinisation by
applying the following equation:

DG=1-X, 9)

Xa =

(8a, 8b)

n

where X; can be either X; o or X;x. The difference between the
degree of gelatinisation calculated with X 5 and the degree of
gelatinisation calculated with X,y is equal to 5.9 + 2.7%
(95% confidence interval based on 26 measurements). This
difference seems negligible. We have used the calculation
based upon X;, to determine the degree of gelatinisation.

3.7. Differential scanning calorimetry (DSC)

First, freeze-dried starch sample was transferred to a
stainless steel DSC cup, dissolved in milli-Q water to
obtain a 10 w/w % starch solution (approximately) and
hermetically sealed. Thermograms of the resulting solu-
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tions were made using a Perkin-Elmer DSC-7 equipped
with a PE model TAC7/DX Thermal Analysis Controller
(Boston, USA). An empty pan was used as reference.
Before the actual measurement, samples were held at
0 °C for 5 min in the DSC measuring cell. Subsequently,
the sample was heated at 10 °C/min from 0 °C to 150 °C.
The raw data was processed with Pyris 6 (Perkin-Elmer)
to obtain the enthalpy needed to gelatinise the remaining
crystalline part of the starch in the sample (4H). The char-
acteristic gelatinisation endotherm occurs in the thermo-
gram between 51°C and 76°C. With use of the
gelatinisation enthalpy of native wheat starch (4H,), the
degree of gelatinisation of the sample can be determined
(Qu & Wang, 1994; Wang & Sastry, 1997):

AH,
AH,

DSC measurements were also used to determine the tem-
perature at which the first crystallites start to gelatinise
(Toc) and the temperature at which the most perfect crystal-
lites have just been gelatinised or melted (T,.) for 10 w/w %
and 60 w/w % wheat starch-water mixtures. In case of the
10 w/w % wheat starch—-water mixtures, wheat starch and
water were added to the DSC cup before the measurement.
In case of the 60 w/w % wheat starch-water mixtures,
wheat starch and water were mixed as mentioned above
and left to rest for at least 36 h. This wheat starch-water
mixture was used for the DSC measurements.

The onset temperature (7,) and conclusion temperature
(T:) of gelatinisation or melting peaks often encountered in
literature differ from T,. and T,.. The differences between
Toc and T, and between T, and T, are shown in the
DSC thermograms in Fig. 1. The onset and conclusion

DG =1- (10)

11.0 ww %

Endothermic heat flow

Tc2T

cc2

60.0 wiw %

40 60 80 100 120 140
Temperature [°C]

Fig. 1. DSC thermograms of different wheat starch-water mixtures.
Symbols used: T, = temperature at which the first crystallites gelatinise or
melt, T, = onset temperature of gelatinisation or melting peak, 7. = tem-
perature at which the most perfect crystallites gelatinise or melt,
T. = conclusion temperature of gelatinisation or melting peak, 1 = index
for 11.0 w/w % wheat starch—water mixture, and 2 = index for 60.0 w/w %
wheat starch-water mixture. Note: the peak at 95°C in the upper
thermogram and the peak at 130 °C in the lower thermogram are caused
by amylose-lipid complexes that are melting.

temperatures were obtained with the procedure that has
been used by Eliasson and Karlsson (1983).

3.8. Curve fitting procedure

Eq. (7) can be used to calculate the melting temperature
as a function of the degree of gelatinisation and starch con-
centration. These model values were fitted to experimental
data in the temperature range between T,. and T (51—
75°C in case of 10 w/w % starch and 50-114 °C in case
of 60 w/w % starch) with Mathcad (Mathsoft Engineering
& Education, version 11.2, Cambridge, USA). These tem-
perature ranges were determined by means of DSC. We
have used 18.1 cm® mol™! for ¥; (Lepori & Gianni, 2000)
and 97.5 cm® mol™! for ¥, (Shahidi, Farrell, & Edward,
1976) at 25°C for all calculations and the ratio V,/V;
was assumed to be independent of temperature. To calcu-
late the volume fractions of water during our experiments,
we have used 1.65 g/em® and 0.997 g/cm? for, respectively,
the density of wheat starch (Mark, 1999) and water
(Atkins, 1997). It was assumed that these densities do not
depend on temperature. In addition, it was assumed that
the densities of crystalline and amorphous wheat starch
are equal. Three fit parameters were used (7°, AH, and
x12) and the values of these parameters were determined
by minimizing the sum of the squared residuals.

4. Results
4.1. Handling of samples

Throughout the sample handling process, care was tak-
en that the samples remain frozen to make sure that recrys-
tallization did not take place. X-ray measurements can be
used to determine whether recrystallization has occurred
(Karim, Norziah, & Seow, 2000; Ottenhof, Hill, & Farhat,
2005). Our X-ray diffractograms showed that recrystalliza-
tion had not taken place prior to analysis (results not
shown).

4.2. Gelatinisation of 10 wiw % and 60 wiw % wheat starch—
water mixtures

Birefringence, DSC, wide angle X-ray diffraction and
amylose-iodine complex formation measurements were
applied for the measurement of the degree of gelatinisation
of both a diluted (10 w/w %) and a concentrated (60 w/w
%) starch—-water mixture.

The enthalpy of gelatinisation of a 11.0 + 1.0 w/w %
(95% confidence interval) wheat starch-water mixture is
equal to 13.4+£2.0J/g (95% confidence interval) based
on 4 DSC measurements (Table 1). This gelatinisation
enthalpy is in good agreement with the value reported in
literature (see Table 1).

Fig. 2 shows the degree of gelatinisation of 10 w/w %
wheat starch-water mixtures that have been kept at a
constant temperature for 45 min obtained with microscopy
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Table 1

Temperature at which the first crystallites gelatinise or melt (7o),
temperature at which the most perfect crystallites gelatinise or melt (7.)
and enthalpy (4H) of the gelatinisation or melting for different wheat
starch-water mixtures determined with DSC measurements with a heating
rate of 10 °C/min

Cytarch Toe Tee  AH"(J/g)  Reference

(w/w %) (°C)  (°C)

11 51 75 13.442.0°  This article

16 51 63 17.9 Douzals et al. (1996)

60 50 114 - This article

55 56 101 - Eliasson (1980)

57 45 103 - Svensson and Eliasson (1995)
58 53 104 - Rolee and Le Meste (1997)
65 49 116 - Eliasson (1980)

% Gelatinisation enthalpy in J/g dry starch.
® 95% confidence interval.

100

]

L] 2

80

Oom
[

>

407

Degree of Gelatinization [%)]

20}

0 25 50 75 100 125
Temperature [°C]

Fig. 2. Degree of gelatinisation of starch in 10 w/w % wheat starch-water
mixtures as function of the treatment temperature (treatment time
45 min). Experimental data determined with birefringence (A), DSC
(), X-ray (W), and amylose-iodine complex formation (A)

(birefringence), DSC, wide angle X-ray diffraction and
amylose-iodine compleximetry. The values found with
these methods give comparable degree of gelatinisation
vs. treatment temperature curves. The temperature at
which the gelatinisation of a 10 w/w % starch-water mix-
ture starts, is equal to approximately 50 °C and the maxi-
mum degree of gelatinisation is reached at approximately
75 °C.

Fig. 3 shows the degree of gelatinisation of a 60 w/w %
wheat starch-water mixture that has been measured with
microscopy (birefringence), DSC, wide angle X-ray diffrac-
tion and amylose—iodine compleximetry after various treat-
ments at constant temperature have been applied for
45 min. The degree of gelatinisation of the 60 w/w %
starch-water mixture that was found, depended on the
method used. Measurement of the degree of gelatinisation
with birefringence leads to a high estimate, while measure-
ment with amylose-iodine compleximetry provides a low
estimate. DSC and wide angle X-ray measurements pro-

100 T T T A
w2 R
— AT
] S— e
c : A A
2 ! [ ]
© u
1
= : n &
8 AN
5 407 A A
o 4+
: :
& 20t &
A
0

7AY H
0 25 50 75 100 125
Temperature [°C]

Fig. 3. Degree of gelatinisation of starch in 60 w/w % wheat starch-water
mixtures as function of the treatment temperature (treatment time
45 min). Figure based on birefringence (A), DSC (O), X-ray (M), and
amylose—iodine complex formation (A) measurements.

vide values of the degree of gelatinisation that are in
between the ones obtained with birefringence measure-
ments and amylose—iodine compleximetry. Gelatinisation
of starch in a 60 w/w % starch-water mixture starts before
60 °C and the maximum degree of gelatinisation is
obtained at approximately 110 °C.

Fig. 4 shows the degree of gelatinisation as a function of
the treatment temperature for a 10 w/w % and a 60 w/w %
wheat starch-water mixture. This figure shows the results
that were obtained with DSC and X-ray measurements.
The temperature at which the gelatinisation process start-
ed, seemed to depend on the starch concentration. Howev-
er, the number of measurements in this region is limited
and for this reason it is hard to draw firm conclusions.

100

80t

60

40

Degree of Gelatinization [%]

20

0 - - .
0 25 50 75 100 125
Temperature [°C]

Fig. 4. Degree of gelatinisation of starch as function of the treatment
temperature (treatment time 45 min) for 10 w/w % (O: DSC data, A:
X-ray data) and 60 w/w % (M): DSC data, A: X-ray data) wheat starch—
water mixtures. Dotted line: calculated values for a 10 w/w % wheat
starch-water mixture, solid line: calculated values for a 60 w/w % wheat
starch-water mixture. T,; and T, of a 11.0 w/w % wheat starch-water
mixture (O) and T, and T, of a 60.0 w/w % wheat starch-water
mixture (@) obtained with DSC have also been added to this graph.
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Table 2

Parameters of the Flory equation

7° (°C) AH, (kJ/mol) 112 (5) Reference

291 + 63* 29.2 +3.9* 0.53 +0.05* This article

210 29.4 0.04 Lelievre (1974)

181 52.8 0 Donovan and Mapes (1980)

227 +13* 37.3 0 Burt and Russell (1983), Russell (1987)
263 22 0.57 Whittam et al. (1990), Moates et al. (1998)

# 95% confidence interval.

The temperature at which maximum degree of gelatinisa-
tion is reached, clearly depends on the starch
concentration.

The temperature at which the gelatinisation starts and
ends can also be obtained from DSC thermograms (see
Fig. 1 and Table 1). The temperatures that we have found
are comparable with the values reported in literature (see
Table 1). Fig. 4 shows that T, and T, are also in line with
the DSC and X-ray measurements.

Eq. (7) was fitted to the experimental data for which
holds that the temperature is in between T,. and T, and
the results are shown in Fig. 4. The parameters T°, AH,
and y, that resulted in the lowest sum of the squared resid-
uals are given in Table 2. The calculated degree of gelatin-
isation vs. treatment temperature curves agree with the
experimentally determined curves.

5. Discussion

According to Donovan (1979), the loss of crystallinity of
the granule, the uptake of heat accompanied by the confor-
mation change of starch, take up of water resulting in
swelling of the granule and a decrease in the relaxation time
of the water molecules occur simultaneously (or nearly so)
during starch gelatinisation in excess water. Each method
that can be used to study the gelatinisation of starch focus-
es on one or several of these specific aspects of the starch
gelatinisation. During gelatinisation of a 10 w/w % wheat
starch—water mixture, the microscopic changes in the crys-
tallinity of the granule measured with the birefringence
measurements, the endothermic gelatinisation transition
measured with DSC, the long-range order determined with
wide angle X-ray diffraction and the leaching of amylose
chains with the amylose—iodine compleximetry occur more
or less simultaneously. Because all these phenomena occur
at the same time at these conditions, it does not matter
which method is used for the determination of the degree
of gelatinisation of starch in 10 w/w % wheat starch-water
mixtures (see Fig. 2).

Similar results were obtained by Liu et al. (1991) and
Cooke and Gidley (1992). Liu et al. (1991) observed small
differences between birefringence and relative crystallinity
(measured with X-ray) values of a 2 w/w % corn starch
mixture as a function of the temperature that are compara-
ble to the differences that are shown in Fig. 1. Cooke and
Gidley (1992) have shown that the crystallinity loss (mea-
sured with X-ray) and the loss in endothermic peak area

(measured with DSC) of starch in 5 w/v % aqueous wheat
starch suspensions (they have also used maize, potato,
waxy maize and tapioca) as a function of the treatment
temperature are comparable.

At the beginning of the gelatinisation process, the same
phenomenon occurs whether the amount of water is abun-
dant (e.g. in case of a 10 w/w % wheat starch-water mixture)
or limiting (e.g. in case of a 60 w/w % wheat starch-water
mixture). Assuming that we have prepared a homogeneous
starch—water mixture, every starch granule (independent of
size) is surrounded by a thin layer of water and it increases
in size due to the uptake of water by the amorphous growth
rings (Waigh et al., 2000). Because the granule consists of
alternating amorphous and semi-crystalline growth rings,
increase of the amorphous growth rings due to the uptake
of water results in disruption of the semi-crystalline growth
rings and loss of crystallinity. The similarity between the
beginning of the gelatinisation process at high and limiting
water concentrations can be explained as follows. The
semi-crystalline, concentric growth rings on the outside of
the granule are the first growth rings that have access to
the available water. This part of the granule will gelatinise
and hold the available water. As a result, there is an excess
of water at the outside of the granule at both high and limit-
ing water concentrations during the onset of the gelatinisa-
tion process. For this reason, the same process can take
place initially in both cases resulting in the same starting tem-
perature for gelatinisation. Therefore, the first peaks in the
DSC thermograms of both diluted and concentrated
starch—-water mixtures start at the same temperature (see
Fig. 1). Because all water has been absorbed and bound by
the gelatinised starch fraction in the concentric growth rings
on the outside of the granule, there is no water available to
induce swelling and disruption of the remainder of the starch
granule at high starch—water ratios. For this reason, a heter-
ogeneous mixture is formed that consists of amorphous, gel-
atinised starch and a part that has remained semi-crystalline.
Complete loss of crystallinity can only be achieved by further
increasing the temperature resulting in melting of the
remaining semi-crystalline starch fraction (Waigh et al.,
2000). An increased temperature is required because the
amount of water in the remaining starch fraction is very
low. This can also be observed in the additional peak in the
DSC thermogram of 60 w/w % wheat starch in water in
Fig. 1. In addition, Eq. (1) also predicts that the temperature
required for complete loss of crystallinity increases with an
increasing starch—water ratio.
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At a wheat starch—water concentration of 60 w/w %, the
differences between the curves obtained with birefringence,
X-ray, DSC and amylose—iodine complex formation mea-
surements become significant. Apparently, the phenomena
that take place during the gelatinisation process at higher
starch concentrations do not occur simultaneously any-
more. The qualitative model based on a liquid-crystalline
theory presented by Waigh et al. (2000) might provide an
explanation here. They suggest that the gelatinisation of
starch is a two-stage process. In the first stage, the amylo-
pectin side chains that form double helices become separat-
ed from their duplex helical neighbours. In the second
stage, a helix-random coil transition takes place resulting
in the unwinding of the double helix. According to these
authors the intermediate phase between the first stage
and the second stage is not birefringent for A-type starches
(e.g. wheat starch) and therefore birefringence measure-
ments will already indicate that gelatinisation has taken
place after the first stage. The unwinding of the double heli-
ces during the second stage is followed with WAXS and for
this reason it is expected that the typical degree of gelatin-
isation determined with WAXS is lower than the degree of
gelatinisation determined with birefringence at the same
temperature. Both stages during the gelatinisation process
give rise to an endothermic DSC peak. Only after the sec-
ond stage has taken place, the sample is completely gelatin-
ised and the DSC thermogram will not show an
endothermic peak anymore. For this reason, the gelatinisa-
tion curve that is obtained with DSC is comparable to the
curve obtained with WAXS. The theory of Waigh et al.
(2000) does not provide a direct explanation for the obser-
vation that the amylose chains seem to be released after all
ordening has disappeared. The behaviour of amylose dur-
ing the gelatinisation of a concentrated starch-water mix-
ture might be explained by considering the reduced
mobility of the amylose chains in the granule (or part of
the granule) caused by the low amount of water. Perhaps
the disappearance of all ordening in the granule is needed
to increase the mobility of the amylose chains within the
granule to enable the release of amylose.

Based on the section above, it is expected that all bire-
fringence is completely lost before X-ray measurements
indicate that the gelatinisation process starts, because
the first stage of the gelatinisation process should be com-
pleted before the second stage of the gelatinisation process
can start. However, granules in wheat starch do not gela-
tinise at the same temperature due to the bimodal granule
size distribution (Eliasson & Karlsson, 1983). Small gran-
ules gelatinise over a broader temperature interval than
large granules. These differences can be caused by differ-
ences in composition between small and large granules.
Meredith (1981) found that the distribution of saturated
and unsaturated lipid is different for small granules and
this author also found that the total lipid concentration
varies with granule size. Morrison (1995) mentioned that
the amount of lipid might affect the gelatinisation temper-
ature and therefore differences in lipid content between

small and large granules might affect the gelatinisation tem-
perature. Furthermore, the chain length distribution of amy-
lose chains might differ between small and large granules.
Amylose chain length results in a different gelatinisation tem-
perature (Moates, Noel, Parker, & Ring, 1997). For these
reasons, it seems that within different granules different stag-
es of the gelatinisation process can take place. Therefore,
X-ray measurements can indicate that the gelatinisation pro-
cess has started, although birefringence measurements indi-
cate that part of the granules have not been gelatinised yet.

DSC and X-ray measurements can be used to determine
whether the final stage of the gelatinisation process
(unwinding of the double helices) has been completed.
For this reason, we have used the experimental data based
on these measurements for comparison between the 10 w/w
% and 60 w/w % wheat starch-water mixtures and for fit-
ting of the adapted Flory equation. To our knowledge, this
is the first time that the Flory equation has been adapted in
such way that it can quantitatively describe the degree of
starch gelatinisation as a function of temperature and the
starch—water ratio, even at very high ratios. According to
this equation, the gelatinisation process starts at the same
temperature independent of the concentration. This behav-
iour was also expected based on the theory mentioned
above and the thermograms of 11 w/w % and 60 w/w %
wheat starch-water mixtures (see Table 1 and Fig. 1). Fur-
thermore, Eq. (7) predicts a steep increase in the degree of
gelatinisation with increasing temperature for a 10 w/w %
wheat starch-water mixture and a more gradual increase
of the degree of gelatinisation with increasing temperature
in case of a 60 w/w % wheat starch-water mixture. These
differences are also present in our experimental data.

Fitting Eq. (7) to the experimental data resulted in useful
T°, AH, and y;, values. We have determined the degree of
gelatinisation of an 80 w/w % wheat starch solution as a
function of the treatment temperature (results not shown).
At the maximum temperature that has been applied
(180 °C), the degree of gelatinisation was slightly higher than
50%. Extrapolation of the trend indicates that the tempera-
ture required to achieve complete gelatinisation of this
starch-water mixture is much higher than 200 °C. For this
reason, the value of 7° should be much higher and therefore
our value of 7% seems reasonable. The Flory—Huggins inter-
action parameter y;, that we have obtained is close to 0.5.
A negative or small positive y;, value is a characteristic of
a stable mixture (Rudin, 1999) which is the case for a
starch—-water mixture. In addition, a y;, value close to 0.5
indicates that the second virial constant is close to zero
(Rudin, 1999). Banks, Greenwood, and Sloss (1969) have
also found that the second virial coefficient is equal to zero
for both amylose and amylopectin with use of light scattering
experiments. It is expected that starch, a mixture of amylo-
pectin and amylose, will therefore also have a second virial
coefficient that is approximately equal to zero indicating that
%12 1s close to 0.5.

The parameters that we have obtained with the adapted
version of Flory’s equation (Eq. (7)) are comparable to the
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values of other researchers that were obtained after they have
fitted the original Flory equation (Eq. (1)) to their experi-
mental data (see Table 1). It should be noted that the major-
ity of reported values did not contain a confidence interval.
In addition, in other publications the Flory equation was
not modified to account for the temperature dependence of
the heat of fusion and entropy of fusion. The parameters
obtained by these researchers should therefore be used with
caution. The 7°, value that we have obtained is higher than
the values reported by others (see Table 2), but the values
reported by Burt and Russell (1983) and Whittam et al.
(1990) fall within our confidence interval and therefore one
cannot conclude that our value is different. The value of
AH,islower than the value reported by Donovan and Mapes
(1980), but close to the values reported by other researchers
(see Table 2). All reported y;, values are in this range 0-0.6
indicating that starch-water mixtures are stable. The Flo-
ry—Huggins interaction parameter of Whittam et al. (1990)
is close to the value that we have found and falls within
our confidence interval. The y;, value obtained by Lelievre
(1974) is closer to zero. Other authors have assumed that
112 1s zero (e.g. Burt & Russell, 1983; Donovan & Mapes,
1980), but do not verify this assumption.

We have included the parameters reported by Whittam
et al. (1990) in our comparison, although they have used
A-type crystalline starch instead of native wheat starch.
However, since we have assumed that the non-crystalline
part of native starch is an inert part of the system, we only
consider that part of the starch, which is crystalline in
native starch, and that is therefore comparable with A-type
crystalline starch.

The parameters that have been obtained with the fitting
procedure appear to be reasonable. In addition, the model
values are in good agreement with the experimental values.
Thus, in our view Eq. (7) can be used as a practical and reli-
able way to quantitatively estimate the degree of gelatinisa-
tion of a starch-water mixture as a function of the starch
concentration and treatment temperature.

6. Conclusions

Measurement of the degree of gelatinisation of starch in
a 10 w/w % wheat starch-water mixture as a function of
the treatment temperature based on birefringence, DSC,
X-ray or amylose—iodine complex formation measurements
give similar curves, because the physical-chemical process-
es involved occur simultaneously. If a 60 w/w % wheat
starch—water mixture is used, however, the degree of gela-
tinisation vs. temperature curves are affected by the meth-
ods used to calculate the degree of gelatinisation. The
highest values are obtained with birefringence measure-
ments. Calculations based on DSC and X-ray measure-
ments resulted in slightly lower values. Finally, amylose—
iodine complex formation resulted in the lowest degree of
gelatinisation. These differences were explained by consid-
ering the phenomena that take place during the gelatinisa-
tion at limiting water conditions.

Gelatinisation of 10 w/w % and 60 w/w % wheat starch—
water mixtures started at approximately the same tempera-
ture. However, complete gelatinisation was reached at dif-
ferent temperatures. These results are in accordance with
DSC measurements that were carried out independently.

An adapted version of the Flory equation provides a
quantitative description of the degree of starch gelatinisa-
tion as a function of the starch—water ratio and the temper-
ature. Fitting this equation to our experimental data results
inT gl, AH, and y, values that are reasonable and compa-
rable to the values reported in literature. The adapted Flo-
ry equation can be used as a means to estimate the
temperature that is needed to completely gelatinise starch
in a starch-water mixture over the whole concentration
range.

The procedure followed for the handling of the samples
can be used for diluted and concentrated starch-water mix-
tures and makes sure that recrystallization is prevented. At
low starch concentration it does not matter which method
is selected to determine the degree of gelatinisation. How-
ever, at higher concentrations the degree of gelatinisation
that is calculated depends on the analysis method used.
DSC and X-ray measurements can be used to determine
whether the final stage of the gelatinisation process has
been completed. Birefringence and amylose-iodine com-
plex formation measurements do not require specialized
equipment and for this reason they are suitable alterna-
tives. However, use of birefringence and amylose-iodine
complex formation measurements will lead to different
results.
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