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Influence of Drying Temperature, Water Content, and Heating
Rate on Gelatinization of Corn Starches
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The gelatinization properties of starch extracted from corn and waxy corn dried at different
temperatures were determined at various water contents and heating rates by differential scanning
calorimetry. All gelatinization transition temperatures increased with drying temperature and heating
rate. Onset and peak temperatures remained relatively constant, whereas end temperature decreased
in the presence of excess water. The gelatinization enthalpy (AHy) of corn starch decreased with
drying temperature at 50% water; however, it remained constant for waxy corn starch. The effects of
water content and heating rate on AHy; were dependent on each other. The minimum water levels
required for gelatinization of starch extracted from corn dried at 20 and 100 °C are 21 and 29%,
respectively. The activation energy (E,) was calculated using an Arrhenius-type equation and two
first-order models; the degree of conversion (o) was predicted using a newly proposed model that
produced good results for both E; and a.
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INTRODUCTION the gelatinization onset, peak, and end temperatures and

o " endotherm peak width and a decrease in gelatinization enthalpy
Gelatinization is a phase transition of starch granules from 10).

an ordered to a disordered state during heating with excess water  at intermediate water levels, two endothermic transitions have
(1, 2). The disordered state consists of melting of ordered peen reported for the disorganization of starch crystalltas. (
regions, both on the crystallite level (inner and surface) and on These endothermic effects, associated mainly with melting, are
the level of amylopectin double-helical ord&j.(Itis an energy-  first-order transitions, that is, their rate is proportional to the
absorbing process and can be studied with differential scanningrate of inducing temperature variations. During gelatinization,
calorimetry (DSC) 2). Although gelatinization enthalpy cor-  hydrogen bonds, which stabilize the structure of double helices,
responds to overall crystallinity of amylopectin, loss of double- must be broken and possibly replaced by reassociation of the
helical order is considered to be responsible for enthalpic free ends of unwound helices of amylopectin. This leads to the
transition (4). formation of physical junctions and creation of more general

Starch gelatinization depends on many factors: water content,2Mmorphous hydrogen-bonded associations, which normally
heating rate, botanical source of starch, processes applied tghould be attributed to exothermic effec&.( ,
starch before gelatinization, and amylose/amylopectin content Th?_ kinetic parameters of ;tarch gelatmlzauon, which can
of starch. High-temperature drying of grains is necessary to be utilized for optimization of industrial-scale processes, have

achieve high drying rate®}); nevertheless, the effect of drying been investigated with a non-isothermal DSC mettidt) 13).

temperature on the gelatinization of extracted starch has not.Res'o and SuareA§) stated that more experimental evidence

been studied widely. Some well-known effects of high-temper- is needed for modeling gelatinization, whereas Spigno and De

ture drving of corn are hiah-str racking. low resistance t Faveri (13) reported that non-isothermal DSC can help to
ature drying ot corn are nigh-stress cracking, low resIStance 10 o5 5 cterize the gelatinization process only if the kinetics of
mechanical impact, low starch recovery, loss of solids in

X . the process are already known.
§tgepyvater, a,nc_j poor starch paste viscosityd). An increase Our objective was to investigate the effects of corn kernel
in initial gelatinization temperature pf corn starch from 72 t0 grying temperature, water content, and heating rate on gelati-
73 and 74C has been reported for different corn starches dried pization characteristics of starch extracted from corn and waxy
at 90 and 100C, respectively ). With an increase in drying  corn.
temperature, DSC thermograms of starch exhibit an increase in
MATERIALS AND METHODS
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Table 1. Chemical Composition of Starch Samples

drying total germ starch  gluten
corn variety (type)  temp (°C)  fiber (%)  vyield (%) (%) (%)
33A14 (nonwaxy) 20 12.89 5.62 67.67 8.65
33A14 (nonwaxy) 100 14.22 5.96 66.50 8.43
34H98 (waxy) 70 16.09 6.52 59.28 1240
34H98 (waxy) 100 20.33 5.29 52.75 1631

Research Farm of the University of Illinois at Urbar@hampaign
(UIUC). They were harvested in 2002 at 30% moisture content and
subsequently dried at 20, 70, and 100 to 15% moisture content.

Starches extracted from these corn hybrids were obtained from UIUC.
The chemical composition of starch samples as reported by UIUC are

given in Table 1.
DSC Measurements.Starch samples were weighed in aluminum

DSC pans, and water was added to obtain starch pastes of 30, 50, 70,
and 90% water content (w/w). The DSC pans were hermetically sealed,
and the pastes were scanned using a DSC (TA Instruments, 2920

Modulated DSC, New Castle, DE) from 25 to 10C at different
heating rates of 1, 3, 5, 7, 10, and 4G/min. An empty pan was used

Altay and Gunasekaran

Bl
Inkr—InA—ET—p (5)

In eq 5Ais the pre-exponential factor®, Eais the activation energy
(J/mol), andRis the gas constant (8.314 J/ni6). E, for gelatinization
was calculated using two methods involving first-order kinetics
proposed by Ozawadlp). In the first method, at the peak of the curve,
the logarithm of the heating ratg,(°C/min) is linearly correlated with
the reciprocal of the absolute value Bf

a

np=-g=+C

1
= (6)

T

In the second method, the logarithm of the heating rate divided by the
square of the absolute value @f is linearly correlated with the
reciprocal of the absolute value @f (15).

Bl
n(L)=-=Lic
(TPZ) RTp

™

Equation 7 is also known as the Kissinger equatiod)

as the reference. For each measurement, the overall gelatinization Scanning Electron Microscopy (SEM).The microstructure of starch
enthalpyAHq (expressed as joules per gram of dry starch) and the onsetgranules was observed under a field-emission scanning electron

(To), peak Tp), and end temperatures were determined as illustrated

in Figure 1. T, is the temperature at which the tangential line from the
lower temperature side of the peak intersects with the baséljnis;

the temperature at the tip of the peak, ahdis the temperature at
which the tangential line from the high-temperature side of the peak
intersects with the baselinAHyg is the area under the peak bound by

microscope (SEM) (Hitachi S900 high resolution, low voltage). Samples
were mounted onto carbon stubs and sputter-coated (4-nm) with
platinum. The accelerating voltage of the beam was 1.5 kV.

Statistical Analysis. Two-way classification analysis of variance
was carried out on the DSC, and significant differences among samples
were determined by Duncan’s multiple-range test (17).

the baseline on the graph. These were calculated using DSC software

(Universal Analysis, Thermal Solutions release 2.3, TA Instruments,
Inc.). All measurements were done in triplicate.
Kinetic Modeling. In nonisothermal DSC, the rate of reaction is

RESULTS AND DISCUSSION
Effect of Drying Temperature. The effects of drying

proportional to the peak height at a given time and the extent of reaction temperature off,, Ty, andTe of corn and waxy corn starch are

is proportional to the total area of the endotherm to that tif¥).(

summarized inTables 2—7. All transition temperatures in-

Non-isothermal DSC measurements for deriving kinetic parameters of creased with drying temperatuik, values were more sensitive

starch gelatinization and the degree of conversigret any timet are
(13)
o= AH/AH, (1)

whereAH; is the gelatinization enthalpy at any tirheOn the basis of

to drying temperature thaf, and Te, and the increases were
more pronounced for corn starch than for waxy corn starch.
All transition temperatures of flint and dent corn reportedly
increase with drying treatment at 75% water content and 10
°C/min heating rate. This increase has been attributed to protein
remaining in starch possibly reducing the entry of water into

this approach, the gelatinization kinetics of starches were evaluated in granules during gelatinization by inhibiting watestarch in-

terms of degree of conversion at the peak temperaturg (

o, = AHp/AH, 2
whereAHpr, is the gelatinization enthalpy (J/g) B AHr, was obtained
from the area under the peak upTp using the DSC software. The
conversion atT, was chosen because that is the temperature of
maximum deflection and at which the rate of reaction is maximum

(15). Turhan and Gunasekaran (16) proposed a first-order or pseudo

first-order kinetic model for starch gelatinization and used the equation

Inb,=In by — kt 3)
whereby is the concentration of ungelatinized starch (%) at tinfe),

bo is the concentration of ungelatinized starch at the beginning (100%),
andk; is a reaction rate constant{. In eq 3, the ungelatinized part
represented big corresponds to (+ agp). If tis chosen aT, then eq

3 can be modified as

) =k @

In L
1-ay,

wherety, (S) is the scanning time from 2% to T, at that heating rate

teraction because high drying temperatures increase the protein
content of the corn starch fractiof,(10). FromTable 1, it can

be seen that the gluten contents of corn starches dried at 20
and 100°C are almost the same, but the starch yield is lower
for corn dried at 100C, meaning there is more gluten per unit

of starch. For waxy corn, although the amount of gluten was
higher when dried at 100C than at 70C, the starch yield was
lower at 100°C (Table 1). In addition, the presence of proteins,

sugar, and salts within the starch inhibits gelatinization by
absorbing water, which would otherwise be used for gelatiniza-
tion (18). Likewise, in our samples gluten may inhibit gelati-
nization by absorbing most of the available water in the media.

High gelatinization transition temperatures are indicative of
a high degree of crystallinity, which provides structural stability
and makes starch gelatinization difficult to occd9). Ad-
ditionally, T, is a measure of the perfection of starch crystallites
among all granules present; and less perfect crystallites mean a
lower T, (20). Thus, a high degree of crystallinity possibly
caused by high drying treatment may account for high transition
temperatures, especially the high values we observed.

The endotherm peak width, EPWe(— T,) is also influenced
by the drying temperature of the corbd). An increase in EPW

andC is a constant. An Arrhenius-type equation was used to determine 0f ~21.5 °C for two corn starches, obtained from corm dried at

the temperature dependencylkpf(16):

110°C, containing 75% water was reported compared to their
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Figure 1.  Schematic illustration of transition temperatures (7o, onset temperature; T, peak temperature; Te, end temperature) on a typical DSC thermogram.

undried counterparts1Q). We observed similar increases in 14

EPW of 0.65 and 2.19C for starch containing 70% water as Tp

the drying temperature increased from 20 to 2@0for corn 12

and from 70 to 100C for waxy corn, respectively. Decreased o o _ A

crystallinity results in narrowing of the DSC peaklj, which

suggests that an increase in crystallinity due to high drying

temperature may result in widening of DSC peaks. Moreover, 8| o B A

there is a possible explanation for a broader gelatinization range

for waxy corn than for corn. The EPW of the retrogradation 6

endotherm is broader than the EPW of the gelatinization

endotherm for a given sample (22). Assuming a high drying Transition temperature (°C)

temperature has a kind of “retrogradation-like” effect on Figyre 2. Relationship between gelatinization enthalpy (AH;) and transition

amylopectin of waxy corn starch, the starch fraction responsible temperatures (onset, T,; peak, T,; and end, T.) of starches containing

for retrogradation, may explain the broader gelatinization range 709 water at heating rates between 1 and 7 °C/min. Solid and open

for waxy corn starch than for corn starch. symbols show starches extracted from corn dried at 20 and 100 °C,
Drying temperature had no effect @xHy of corn starch at respectively.

30 and 70% water content3gble 8). However, theAHq of

samples containing 50 and 90% water decreased with drying

temperature. The decreases\iHg at these water contents were i

more pronounced at lower heating rates. Drying temperature

did not significantly affecAHg of waxy corn starchesl@able s ° .e "u A

9). It has been stated that difficulty in starchretein separation = o e % 5

due to the negative effect of high-temperature drying may lead 5

to a decrease ihHq4 (10). N
To better understand the effect of high drying temperature

on AHg, the relationship betweefHy and transition temper- o 70 o 0 -

atures should also be considered. Singh et2d) tated that

AHg and transition temperatures are weakly correlated. Con- Transition temperature (°C)

versely, Fujita et al.24) reported a positive relation between Figure 3. Relationship between gelatinization enthalpy (AHjy) and transition

AHg and T,. Chiotelli et al. 25) demonstrated thd, Te, and temperatures (onset, To; peak, Ty, and end Te) of starches containing

AHq4 increased for sweet potato after acid modification. In 70% water at heating rates between 1 and 10 °C/min for those dried at

Figure 2, it can be seen that all transition temperatures of starch 70 °C and between 3 and 10 °C/min for those dried at 100 °C. Solid and

extracted from corn dried at 2T are linearly correlated with  open symbols show starches extracted from waxy corn dried at 70 and

AHjg at heating rates of-17 °C/min at 70% water conteni¢ 100 °C, respectively.

> 0.98). For starch obtained from corn dried at 1@ this

was also true at heating rates 6f4.°C/min (R? > 0.92) Figure correlations betweem\Hy and transition temperatures, it is

2). Similar relationships for waxy corn starch were obtained interesting to note that whereas transition temperatures increased

(Figure 3). All transition temperatures of starches extracted from with drying temperature AHg either remained constant or

waxy corn dried at 70 and 10@ were linearly correlated with  decreased depending on water content. Moreover, the effect of

AHg for 70% water content at-110 °C/min (R > 0.86) and drying temperature oAHg was dependent on starch type; that

3—10°C/min (R > 0.93), respectively. Despite these linear is, it had no effect o\Hg4 of waxy corn starch, which contains

AH, (Jig)
[s]

60 65 70 75 80

15
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Table 2. Gelatinization Onset Temperatures (°C)? of Starches Extracted from Corn Dried at 20 and 100 °C

Altay and Gunasekaran

water drying heating rate
content (%) temp (°C) 1 °C/min 3 °C/min 5 °C/min 7 °Clmin 10 °C/min 15 °C/min
30 20 59.0+0.3al 60.8 0.3 b2 62.1+0.4c2 63.0 0.6 d2 649+12e2 66.5+ 0.4 f12
100 62.5+ 0.2 a45 64.3+ 0.6 b5 64.0+0.5hb34 66.0+0.5c3 66.9+0.5d3 68.3+04e4
50 20 590+ 1.1al 59.8+£0.7 b1 61.0£0.7cl 62.3+£0.3d1 63.5+0.7el 66.6 £ 0.8 f23
100 62.0 £ 0.6 a34 63.6 +0.2 b4 64.2£0.2 b34 65.7+0.6c3 66.5+ 0.4 d3 68.5+0.3e4
70 20 61.2+05a2 62.2+0.2b3 62.6 +0.2 bc2 63.6 +0.8c2 64.5+0.7 d2 67.1+04e3
100 62.9+0.8a5 63.8 0.0 b45 64.5+0.2 b45 65.4+04c3 66.7+0.3d3 68.8+£05e4
90 20 61.6 +0.5a23 62.1+0.5a3 63.7 £ 0.5 bc3 63.2+0.3b2 64.2+0.5c2 65.9+0.3d1
100 62.9+0.3a5 64.4 £ 0.3 b5 64.9+0.2 b5 65.9+0.2c3 66.7 0.4 d3 68.6 +0.7 e4

2Means * SD (n = 3); values within each group followed by the same letter (in row; heating rate effect) or numeral (in column, drying temperature and water content
effects) are not significantly different (p < 0.01).

Table 3. Gelatinization Onset Temperatures (°C)? of Starches Extracted from Waxy Corn Dried at 70 and 100 °C

water drying heating rate
content (%) temp (°C) 1 °C/min 3 °C/min 5 °C/min 7 °Clmin 10 °C/min 15 °C/min

50 70 65.9+0.3al 66.3+04al 67.2+0.2b1 68.2+0.5cl 68.6 £0.0cl 71.2+1.0d12
100 66.2 +0.2a12 67.0+0.2 b2 67.8+0.3c12 68.7 0.4 d12 69.4+0.1d2 70.7+04el

70 70 65.9+0.2al 67.1+0.3 b24 67.8+04cl2 68.5+04cl2 69.3+0.3d2 71.1£0.7el2
100 66.6 0.2 a12 67.8+0.6 b34 68.3+0.4 b2 69.0+0.2c2 69.9 0.6 d23 72.1+£0.6e3

90 70 66.4 +0.1a12 67.1+0.2 b24 67.7+0.7 b12 68.4+0.4cl2 69.9+0.5d23 71.5+05e2
100 66.6 + 0.3al12 67.8+0.6 b34 68.3+0.0 b2 69.0+0.3c2 70.4+0.5d3 714+04el12

@Means £ SD (n = 3); values within each group followed by the same letter (in row; heating rate effect) or numeral (in column, drying temperature and water content
effects) are not significantly different (p < 0.01).

Table 4. Gelatinization Peak Temperatures (°C)? of Starches Extracted from Corn Dried at 20 and 100 °C

water drying heating rate
content (%) temp (°C) 1 °C/min 3°C/min 5 °C/min 7 °C/min 10 °C/min 15 °C/min

30 20 63.6+05al 65.0+ 0.6 b1 65.9+0.3cl 67.1+0.6d1 69.1+15el 70.6 +0.5f1
100 65.3+0.2 a2 67.1+0.8 b2 67.2+0.4 b2 69.3+0.4c2 70.4 £ 0.7 d2 71.8+0.2€2

50 20 65.9 £ 0.4 a23 67.3+0.1b23 67.8 +0.4 b23 68.9£0.6 c2 70.0+1.0d2 73.4+12e34
100 66.3+0.3a34 68.5+ 0.4 b45 69.3+0.1h4 70.8+0.7 c3 71.9+0.3d3 74.0+ 0.5 e45

70 20 66.3+0.3a34 67.4+0.2 b23 68.1+0.4 b3 69.0+ 0.6 c2 70.1+0.8d2 732+0.8¢e3
100 67.2+0.2a5 68.8 + 0.2 h56 69.8+0.2c4 70.6 £0.3d3 720+£0.1e3 744 +0.7f5

90 20 66.8 £ 0.2 a45 67.9+0.3bh34 69.3+0.1c4 69.0£0.4 c2 70.1+0.4d2 71.8+0.2¢€2
100 67.5+0.5a5 69.2+0.1 b6 69.6 +0.1 b4 71.1+0.3c3 72.1+0.3d3 743+0.8¢€5

@Means * SD (n = 3); values within each group followed by the same letter (in row; heating rate effect) or numeral (in column, drying temperature and water content
effects) are not significantly different (p < 0.01).

only amylopectin. This controversy can be clarified by taking ~ The waxy corn starch produced almost undetectable endo-
into account that crystallinity is a feature of amylopect#) (  thermic peaks at 30% water content, indicating the minimum
and AHq is due to hydrogen bonding rather than crystallinity water content required for gelatinization is higher for waxy corn
(19, 20, 23). On these baseAHy and transition temperatures starch than for corn starch. Therefore, no result is listed for waxy
are and can be highly correlated, although both concepts involvecorn starch at 30% water contentTiable 3. T, values of waxy
different mechanisms. corn starch tended to increase slightly as water content increased

0 :
All transition temperatures of starch extracted from corn dried from 50 to 70% (Table 3). When the water content increased

0 )
at 100°C deviated from linearity at the C/min heating rate, from 70 to 90%, theT, of the waxy corn starch remained

: - ; relatively constant.
robably due to the effect of high drying temperaturg(re I .
g) y gh arying P Ge For corn starchT,, significantly increased when water content

increased from 30 to 50%Téable 4). In the presence of

Effect of Water Content. As the water content increased intermediate and excess water, tig remained relatively
from 30 to 50%, thel,, of the starch extracted from corn dried  constant. For waxy corn starch, tfigslightly increased as the
at 20°C decreased and then increased with further increase inwater content increased from 50 to 70%able 5). A further
water content to 70% T@ble 2). It appears that drying increase in water content did not significantly influence The
temperature influenced the effect of water content onfthef of waxy corn starch.
corn starch. In starch extracted from corn dried at 10Ghe Corn and waxy corn starches exhibited two combined
To decreased at only the ¥/min heating rate as the water (bimodal) endothermic peaks at 50% water content (Figure 4):
content increased from 30 to 50%, whereas it increased only attherefore, theifT, values are not reported. The occurrence of
1 °C/min for a further increase of water content to 70%, and as bimodal endothermic peaks is different from normal endother-
the water content increased from 70 to 90%, it remained mic peaks; therefore, it was considered that comparisoh, of
relatively constant. of the two different types of endothermic peaks to each other
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Table 5. Gelatinization Peak Temperatures (°C)? of Starches Extracted from Waxy Corn Dried at 70 and 100 °C

water drying heating rate
content (%) temp (°C) 1 °C/min 3°C/min 5 °C/min 7 °Clmin 10 °C/min 15 °C/min
50 70 69.6+0.1al 70.6 £0.1 bl 71.8+04cl 73.0+£0.6d1 735+0.1d1 76.5+1.1el
100 70.4+0.1a2 71.9+0.1b23 73.0+0.6c2 73.7+0.3cl2 745+0.2d23 76.1+04el
70 70 704+0.1a2 71.6 £0.4 b2 723+0.6c12 73.1+£0.5d12 74.0+04el12 76.2+05f1
100 70.7+0.3a2 72.3+0.6 b3 73.0+0.6 b2 73.8+£0.3¢2 75.0+£0.7 d34 77.8+£0.8e2
90 70 70.4+0.3a2 714+ 0.3 b2 72.0+0.1b1 73.1+0.5c12 749+ 0.6 d34 76.8+0.8el
100 71.1+01a2 72.8+0.5hb34 73.0+0.4 b2 73.8+0.3c2 75.5+0.6 d4 76.6£0.3el

@Means £ SD (n = 3); values within each group followed by the same letter (in row; heating rate effect) or numeral (in column, drying temperature and water content
effects) are not significantly different (p < 0.01).
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Figure 4. DSC thermograms of starch extracted from corn dried at 20 °C (upper curve) and 100 °C (lower curve) with 50% water content at 10 °C/min.

Table 6. Gelatinization End Temperatures (°C)? of Starches Extracted from Corn Dried at 20 and 100 °C

water drymg heating rate
content (%) temp (°C) 1 °C/min 3 °C/min 5 °C/min 7 °C/min 10 °C/min 15 °C/min

30 20 66.9+0.6 al 68.4+0.7 bl 69.9+04cl 720+0.5d1 750+21el 79.0+ 1312
100 67.7+04al 70.2 +0.8 b2 71.3+0.7 b2 73.7+0.6c2 75.4+13d1 778+02el

70 20 71.3+0.1a2 725+04 b4 74.0+05c34 75.7+0.5d3 76.9+0.e2 822+0.713
100 725+04 a3 74.7+0.5Db5 75.9+0.3¢c5 774+050d4 798+0.7e4 82.9+0.613

90 20 70.4+0.3a2 714+03a3 73.6 +1.0b3 73.8+0.3b2 75.6 £0.3cl 78.0+0.9d12
100 70.5+0.3a2 735+0.7b4 749+0.3c45 76.6 £ 0.2 d34 78.2+0.6¢€3 81.8+1.1f3

@Means £ SD (n = 3); values within each group followed by the same letter (in row; heating rate effect) or numeral (in column, drying temperature and water content
effects) are not significantly different (p < 0.01).

was not necessary. THg of corn starch significantly increased There are different accounts of the effect of water content
as water content was raised from 30 to 70%. Thef both on starch gelatinization. For rice starch, the position of the
corn and waxy corn decreased in excess water (Tablasdb gelatinization peak is independent of water conter®).( On

7). the other hand, the DSC thermograms of wheat and corn starches

When the water content increased from 30 to 50%, the are strongly water content depende26), DSC thermograms
decrease i, of starch extracted from corn dried at 20 can for waxy corn starch are strongly influenced by water content
be attributed to the ability of granules to swell. With the in the 30 and 60% range&7%). For amaranth starch, andT,
availability of water, the swelling of starch granules leads do not change significantly with water content, wherdas
gelatinization to occur at lower temperatures than when water decreases dramatically in excess water. The decredsendth
availability is limited. High-temperature drying may have water content can be explained by lowering of the temperature
affected the ability of granules to swell; therefore, the decrease at which gelatinization is completed as water content increased
in T, of starch extracted from corn dried at 10Q can be (12). Our data are in accordance with the reports of Resio and
observed at only one heating rate, whereas the decreake in Suarez (12), Chiotelli et al26), and Rolee et al2{).
of starch extracted from corn dried at 2G was observable The effect of water content oAHy of corn and waxy corn
over a wider heating rate range. is given Tables 8 and 9, respectively.AHgy of corn starch
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Table 7. Gelatinization End Temperatures (°C)? of Starches Extracted from Waxy Corn Dried at 70 and 100 °C

water drying heating rate
content (%) temp (°C) 1 °C/min 3°C/min 5 °C/min 7 °Clmin 10 °C/min 15 °C/min
70 70 772+0.6 a2 78.0+0.5a2 79.4+0.7 b2 80.6 £0.5¢c2 82.0+0.4d12 855+0.6el
100 778+0.2a2 79.4+0.6 b3 80.2 + 1.3 b2 82.1+0.4c3 84.8+0.9d3 88.8+11e2
90 70 74.2 £0.0al 75.5+0.1b1 76.8+£0.3cl 78.0+0.5d1 81.2+0.7el 85.0£0.8f1
100 75.1+04al 77.5+0.5b2 77.9+04b1 80.0+ 0.6 c2 82.9+0.7d2 84.6+0.1el

2Means + SD (n = 3); values within each group followed by the same letter (in row; heating rate effect) or numeral (in column, drying temperature and water content
effects) are not significantly different (p < 0.01).

Table 8. Gelatinization Enthalpies (J/g of Starch)? of Starches Extracted from Corn Dried at 20 and 100 °C

water drying heating rate
content (%) temp (°C) 1 °C/min 3 °C/min 5 °C/min 7 °Clmin 10 °C/min 15 °C/min

30 20 11+02al 11+03al 12+01al 14+01al 18+03al 0.7+01al
100 06+01al 0.7+01al 05+0.2al 0.7+01al 08+01al 08+03al

50 20 55+31a3 10.7 1.7 c56 101+14c4 104 +0.8 c45 9.6+0.2c23 70x24D02
100 29+04a2 47+1.0b2 53+0.1b2 74%0.7c2 85+22c2 89+03c3

70 20 78+0.6ad 9.2+0.7 ab4 10.2+ 1.4 bcd 115+0.7¢5 10.9+0.3¢c34 105+09c4
100 86+13ad 9.5+0.3ab45 10.8 + 1.8 bc4 10.5+ 0.5 bc45 112+17c4 9.8+ 0.4 abc34

90 20 104 +1.8 b5 126+0.9c6 86+12a3 10.0 + 0.9 ab34 9.5+1.2ah23 9.6 +1.3ab34
100 73+0.7a4 75+04a3 9.7+0.2b34 8.7+ 0.4 ab45 9.9+0.1h234 8.9+13ab3

@Means + SD (n = 3); values within each group followed by the same letter (in row; heating rate effect) or numeral (in column, drying temperature and water content
effects) are not significantly different (p < 0.01).

Table 9. Gelatinization Enthalpies (J/g of Starch)? of Starches Extracted from Waxy Corn Dried at 70 and 100 °C

water drying heating rate
content (%) temp (°C) 1 °C/min 3 °C/min 5 °C/min 7 °Clmin 10 °C/min 15 °C/min

50 70 56+29al 9.9+1.1bcl 112+0.7cl 108+1.9cl2 120+14cl 76+23abl
100 9.7+ 0.6 ah2 10.1+ 0.3 ab12 121+14b1 102+ 14abl 11.5+0.4 b1 87+08al

70 70 122+08a2 125+2.0al2 125+09al 13.0+0.9a23 13.0+0.8al 125+17a2
100 111+08a2 112+243al2 11.8+19abl 13.2+0.5ab23 139+16b1 115+12ah2

90 70 105+15a2 114+ 0.8 ab12 15.0+1.0c2 12.1+1.3ab123 12.0+2.0abl 13.2+1.0 be2
100 109+3.7a2 12.7+15ab2 12.8 £ 1.7 ab12 140+ 1.4b3 11.9+ 2.4 abl 12.1+1.7 abh2

2Means + SD (n = 3); values within each group followed by the same letter (in row; heating rate effect) or numeral (in column, water content effect) are not significantly
different (p < 0.01).

increased with water content between 30 and 70%. With further  *
increase of water contermHg of starches extracted from corn 12 ; ]
dried at 20°C increased at lower heating rates and then slightly 1 8 : ity
decreased at higher heating rates. For starches extracted fron 5 o 4 a8Cmin
corn dried at 100C, AHg decreased as water content increased 2 ° X 7Cirin
from 70 to 90%. For waxy corn starchHg increased as water ~ § 2 ;Em
content was raised from 50 to 70%, whereas it remained constani
with further increases in water content. 2%

The increase iM\Hg with water content has been reported 9

40 50 60 70 80 a0

by many authorsl2,13,27,28). The increase has been reported
to be linear until 60% waterl@), reaching a constant value
above 75% waterlQ). FurthermoreAHgy and the corresponding
starch/water ratio could be fitted by linear regression for a water
content of <60% at which the relationship betweéi, and tively. The results indicate that starch from corn dried at higher
water content is linear. Furthermore, by extrapolating the straight drying temperature needs more water for gelatinization than
line to AHy = 0, we can determine the minimum level of water starch from corn dried at lower temperature.

required for gelatinization. For rice starch, obtained via different  DSC thermograms of all starches with 50% water at all
extraction treatments and subjected to €C¥min heating rate, heating rates exhibit bimodal endotherm peaks, which are
the minimum levels of water for gelatinization have been assigned to amylopectin double-helix dissociation and melting
reported as<1, 11, and 18% (12). The dependencetty of of crystals (26). DSC thermograms of starches from corn dried
corn starch on water content is depictedFigures 5 and 6. at 20 and 100C with 50% water content subjected to a heating
These figures show that a minimum of 21 or 29% water content rate of 10°C/min are given irFigure 4. Bimodal peaks at this

is required for gelatinization of starch dried at 20 or 1 water content are consistent with published dafaAs the water

and subjected to a heating rate of@/min, respectively. The  content increased to 70 and 90%, the two overlapping peaks
calculations were made in the water content range efZDo, merged into a single peak as reported by Randzio eBallrf

and the regression coefficients were 0.968 and 0.943, respec-addition, when the water content decreased, the lower temper-

water content (%)

Figure 5. Gelatinization enthalpy (AH,) versus water content for starches
extracted from corn dried at 20 °C at different heating rates.
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12 Z starches extracted from corn dried at 20 with 90% water

b = + content at 2C/min was even higher than the endothermic peak.

=] ? ° ¢ o10mn At 90% water content the exothermic peaks decreased with
_ x 4 'g“f“ heating rate from 1 to 3C/min (Figure 7); at 70% water content
Se . i they were observable only aC/min. For waxy corn starches,
T, +100min exothermic peaks were seen for samples containing 70 and 90%

© © 15c/min water content at only 2C/min. Contrary to our observation
= with corn starch, exothermic peaks were independent of drying
of temperature for waxy corn starch. There were few or no
30 40 50 80 70 80 a0

exothermic peaks for starches extracted from corn dried at 100
°C, suggesting that high drying temperature may have damaged
the bond-forming ability of amylose with amylopectin, which

is attributed to the exothermic phenomeBa. At lower water

] ) . content the exothermic transition starts at higher temperatures
ature peak disappeared and the second peak shifted to hlghe(3)’ which were out of range for this study. This may be why

temperatures (3). On the other hand, Fukuoka et al. (29) statedye giq not observe exothermic transitions at 30 and 50% water
that the second peak tends to shift to a higher temperature with .o \tents.

a decrease in moisture content as reported by Randzio et al.

(3), whereas the first peak remains~a60 °C. We observed ; )
only one peak, at about the same temperature, for both 30 anudr'eo[,at 20 an_d 106.0 e_md from waxy corn drleql at 70 and
100 °C are given inFigures 8 and 9, respectively. The

50% water content samples. Supposedly, the second peak has - . R . .
shifted to a higher temperature that is out of the range of this Micrographs did not show any significant morphological dif-

study ferences, although the wrinkled surface of starch granules is
Efféct of Heating Rate. In accordance with published data probably_due to shrinkage of gfa““'es caused by high-temper-
(12, 13), all gelatinization transition temperatures of corn and ature drying Figure 8b). The wrinkled surfaces on waxy corn

. . : granules were fewer and smaller size than on corn starch
waxy corn starch increased with heating rafalfles 2-7). - e
Furthermore, the endothermic transition broadened with an granules (Figure 9b). The magnification was the same for all

. . . . . micrographs; however, the focus of the microscope was changed
increase in heating rate. This has been explained by the presence " S shrinkage on the surface betteFigures 8band9b
of various crystallite structures in starch granul&®)( More- )

over, Ozawa15) pointed out that at high heating rates creation Gelatinization Kinetics. Thek; values of corn and waxy corn

of temperature gradients within the sample leads to broadeningStarches calculated from eq 4 are giverilables 10and11,
of the endotherm peak. respectively. Thé values for all starches increased with water

Heating rate had no effect aH, of corn starch at 30% content except for the corn starch sample at 30%, which
water content (Table 8). At other water contents, il of probably followed a different kinetics for samples with excess
starch extracted from corn dried at 20 increased as heating Water. An increase ink; values for in situ and in vitro
rate increased from 1 to/min. At heating rates of 3C/min gelatinization with temperature relates to the increasing starch
and higherAH, of samples containing 50 and 90% water tended water reactivity .anQ/or water transferabllltyeo. In add[tlgn, .
to decrease. For samples containing 70% water, the increase irfignerk- values indicate a more rapid process of gelatinization

AHg continued up to PC/min heating rate and then remained (2)- On this basis, the increasikgwith water content can be
relatively constant. There was a slight tendency Adg to explained by the increasing water transferability due to more

increase in starch from corn dried at 100 with heating rate ~ @vailable water to starefwater reactivity, depending on the

from 1 to 10 °C/min at all water contents other than 30%. faster gelatinization. Moreover, it was indicated that the high-
Heating rate did not affecAH, of starch from waxy comn tempgrature drying madg gelat|n|zat!or! dIffICU|.t to occur and

dried at 70°C at 70% water content (Table 9). At 50 and 90% transition temperatures increase. It is interesting to note that

water contents\H, increased with heating rate up t66/min starch—water reactivity increased with drying temperature for
and then decreased. TheH, of starch from waxy corn dried corn starch at 50 and 70% water contents and waxy corn starch

at 100 °C remained relatively constant at the lower and at 70 and 90% water contents. These increases point out that

intermediate heating rates and then tended to decrease at higlf®™" @nd waxy corn starches dried at high temperature gelatinize
heating rates. more rapidly probably because of their higher gelatinization

There are conflicting reports on the effect of heating rate on [€MPeratures.
AHg: a decrease ithHgy with an increase in heating rat&3, The effect of temperature on gelatinization was evaluated
30) and an increase i\Hg with heating rate until it reached a  Using eq 5 (Table 12) over the water content range of 50—
maximum value at 16C/min (12). Biliaderis et al.{1) stated =~ 90%. Experimental data are represented by eq 5 glialues
that heating rate influenced melting thermodynamic parameters©of waxy corn starch and starches dried at high temperature were
of starch dispersions at intermediate water content. This may higher than those of corn starch and starches dried at low
be the reason for the conflicting reports, because the effect of temperature, respectively. The higher the activation energy, the
heating rate om\Hg is apparently dependent on water content. more sensitive is the gelatinization to temperature. In addition,
Our results are generally in accordance with those of Resio andEa iS also an indicator for minimum energy required for
Suarez (12). gelatinization to occur (16). Accordingly, gelatinization of waxy
Some slow exothermic phenomena’ which are sometimesCorn starch and that of starch dried at hlgh temperature were
disregarded, occur at low heating rates. These exothermicmore sensitive to temperature, and gelatinization of these
transitions are even more pronounced than the endothermicstarches requires more energy to overcome resistance of the
peaks at very low heating rate8)( We observed some grain to water transfer.
exothermic peaks at low heating rates for samples with 70 and The E; values obtained from eqs 6 and 7 for corn and waxy
90% water contentsF{gure 7). The exothermic peak for corn starch gelatinization are listed ihables 13 and 14,

water content (%3

Figure 6. Gelatinization enthalpy (AHjy) versus water content for starches
extracted from corn dried at 100 °C at different heating rates.

SEM Observations.SEM observations of starches from corn
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Figure 8. SEM observations of starches extracted from corn dried at 20
°C (a) and 100 °C (b). The arrow points at the shrinkage on the surface.
(The magnification was the same for both panels; however, the focus of
microscope was changed to show shrinkage better.)

b
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Figure 9. SEM observations of starches extracted from waxy corn dried
at 70 °C (a) and 100 °C (b). The arrows point at a number of shrinkage
areas on the surface. (The magnification was the same for both panels;
however, the focus of microscope was changed to show shrinkage better.)

respectively. Both procedures gave very high values.

DSC thermograms of starch extracted from corn dried at 20 °C with 90% water at heating rates of 3 and 1 °C/min.

a b

Table 10. First-Order Reaction Rate Constant (k x 1075, s~%) for
Starches Extracted from Corn Dried at 20 and 100 °C

water heating rate drying temp
content (%) range (°C/min) 20°C 100 °C
30 3-7 30 (0.957) 10 (0.949)
50 1-5 8(0.998) 10 (0.993)
70 5-10 10 (0.911) 30(0.873)
90 3-7 30 (0.905) 30(0.907)

aValues in parentheses denote R 2 in the table.

Table 11. First-Order Reaction Rate Constant (k x 1075, s~1)2 for
Starches Extracted from Waxy Corn Dried at 70 and 100 °C

water heating rate drying temp
content (%) range (°C/min) 70°C 100 °C
50 3-7 6 (0.909) 6 (0.989)
70 5-10 10 (0.612) 20 (0.994)
90 3-7 10 (0.999) 30 (0.981)

aValues in parentheses denote R 2 in the table.

Table 12. Activation Energy (E,) for Starches Extracted from Corn and
Waxy Corn and Coefficient of Determination (R 2) for Fit of Equation 5

starch Ea (kJ/mol) R?
corn dried at 20 °C 896 1
corn dried at 100 °C 2199 0.903
waxy corn dried at 70 °C 4977 0.946
waxy corn dried at 100 °C 16628 0.998

E, values of both corn starches increased with water content
and reached an almost constant value at 70% for starch from
corn dried at 100C (Table 13), similar to published data ).

The E, of starch extracted from waxy corn dried at 70
showed a similar increase with water content and then it
decreased at 90% éble 14). In the case of starch extracted
from waxy corn dried at 100C, E; values decreased with water
content. Thee, of corn starch decreased with drying temperature
except at 30% water content, at which it increased. Ehef

Although eq 7 yielded slightly lower values, for a given sample waxy corn starch increased with drying temperature at 50 and
E, values calculated by both kinetic models were comparable. 90% water contents and decreased at 70% water content. The
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Table 13. Activation Energy (E,, kJ/mol)? for Gelatinization of Corn Starch for Fit of Equations 6 and 7 in the Heating Range of 3-10 °C/min

30% water 50% water 70% water 90% water
20°C 100 °C 20°C 100 °C 20°C 100 °C 20°C 100 °C
kinetic model drying temp drying temp drying temp drying temp drying temp drying temp drying temp drying temp
eq6 267 (0.932) 281 (0.850) 412 (0.952) 316 (0.954) 424 (0.962) 371 (0.970) 504 (0.850) 362 (0.912)

Kissinger (eq 7) 261 (0.930) 276 (0.845) 406 (0.951) 310 (0.952) 418 (0.961) 365 (0.969) 498 (0.847) 356 (0.909)

aValues in parentheses denote R 2.

Table 14. Activation Energy (Ea, kJ/mol)2 for Gelatinization of Waxy Corn Starch for Fit of Equations 6 and 7 in the Heating Range of 3—10 °C/min

50% water 70% water 90% water
70°C 100 °C 70°C 100 °C 70°C 100 °C
kinetic model drying temp drying temp drying temp drying temp drying temp drying temp
eq6 379 (0.983) 450 (0.999) 491 (0.986) 433 (0.949) 319 (0.906) 372 (0.815)
Kissinger (eq 7) 374 (0.983) 444 (0.999) 486 (0.986) 428 (0.947) 313(0.903) 366 (0.810)

aValues in parentheses denote R 2.

Table 15. Activation Energy (£.) for Starches and R?2 for Fit of 2 .
Equation 8 s 08
. B
water drying $ 06
content (%) temp (°C) Ex (kJ/mol) R?2 s
30 com 20 221 0.940 s 040
100 249 0.833 5 :
50 com 20 407 0.958 a 02 & omenmentl
100 252 0914 = predicled
waxy corn 70 377 0.980 0.0
100 444 0.999 69 & 73 75 77 79 81
70 corn 20 395 0.973 Temperature (°C)
100 346 0.952 Figure 10. Degree of conversion (ct) of starch extracted from com dried
waxy corn 70 465 0.987 o 0 oy
100 409 0.939 at 20 °C versus temperature at 70% water content and 10 °C/min.
90 corn 20 412 0.873 10
100 331 0.952 ) ¢
waxy corn 70 273 0.868 o b .
100 304 0.810 s . F:=0.934
§ o6
. g
effect of water content and drying temperatureEarvalues of S o4
starches calculated with egs 6 and 7 followed the same trends.g _

On the basis of our finding®/(1 — ourp) is highly correlated § o2 e . exg;nm:mm
with 1/T,. Therefore, the left side of eq 4 and eq 6 were sl —
qomblned to express the gelatinization by the following equa- o 7 o = a a 5 o o
tion: Temperature (°C)

E, 1 Figure 11. Degree of conversion (o) of starch extracted from waxy corn
In L =_—2=.C (8) dried at 70 °C versus temperature at 90% water content and 10 °C/min.
1-ay, RT,

results are valid above peak temperatures, because peak tem-

E, values of all starches obtained using eq 8 are given in peratures were used in eq 8. Results show that data fit very
Table 15. The following trends can be observed: for starch well for corn starch at 70 and 90% water contents, whereas it
extracted from corn dried at 28C, E; increased with water s true for waxy corn starch at 90% water content. The model
content from 30 to 50% and then remained the same; for starchrequiresT, and crp. With regard to the other parameters, the
from corn dried at 100C, E;, increased with water content up  heating rate is known arig, can be calculated using other first-
to 70% and then remained relatively constant; for starch order equations, as from the Kissinger equation. Using this
extracted from waxy corn dried at AT, E, increased with model,a at any temperature can be estimated abipvét gives
water content but with a dramatic decrease at 90% water contentmore accurate results a50% water contents, supposedly
for starch from waxy corn dried at 100, E, decreased with because the gelatinization kinetics of intermediate and low water
water content. levels are different.

Equations 6 and 7 are very well-known models used for  In summary, high-temperature drying of corn and waxy corn
characterizing starch gelatinization. Equation 8 we proposed resulted in an increase of all gelatinization transition tempera-
yieldedE, values, and their trend with water content, comparable tures of extracted starches. These increases are attributed to a
to those obtained from eqgs 6 and 7. Additionally, eq 8 allows reduction of water entry into granules due to inhibited interaction
for determining the degree of conversion (o) at any time. The between water and starch. Drying temperature had no effect on
o values calculated using eq 8 are compared to the experimentalAHg of waxy corn starch at all water contents and corn starch
o values obtained from eq 1 iRigures 10and 11. Predicted at 30 and 70% water contents, whereas it decreased with drying
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temperature for corn starch containing 50 and 90% water. The (2) Freitas, A.; Paula, R. C.; Feitosa, J. P. A;; Rocha, S.; Sierakowski,

difficulty in starch—protein separation due to the adverse effect M. R. Amylose contents, rheological properties and gelatinization
of high-temperature drying may lead to a reductionAiHg. kinetics of yam (Dioscorea alata) and cassava (Manihot utilis-
The minimum level of water for corn starch gelatinization sima) starchesCarbohydr. Polym2004,55, 3-8.

increased with drying temperature; in addition, waxy corn (3) Randzio, S. L.; Flis-Kabulska, I.; Grolier, J. P. E. Reexamination
starches needed more water for gelatinization than corn starches. ~ ©f phase transformations in the starch-water systdatromol-

A strong relationship betweeAHy and T, was found even ecules.2002,35, 8852—8859. _

though they were affected by high-temperature drying via (4) Cooke, D.; Gidley, M. J. Loss of crystalline and molecular order
different mechanisms. The effect of water content on transition during starch gelatinization: origin of enthalpic transition.

temperatures was different and dependent on drying temperature, _ Carbohydr. Res1992,227, 103-112.
TheT, of corn starch decreased as water content increased from (®) Mistry, A. H.; Wu, X.; Eckhoff, S. R.; Litchfiled, J. B. Wet-
30 to 50% and then increased with water content up to 70% milling characteristics of high-temperature, high-humidity maize.
water. In these water content ranges, the effect of water content _ ereal €hem1993,70 (3), 360361, :
on theT, of corn starch became limited probably due to the ©) Gunas?karan’ S‘.’ Paulsen, M. R. Breal.(age resistance of corn as
adverse effect of high-temperature drying on the swelling of gg;’:i“z%n?gf drying ratesAm. Soc. Agric. EngL985,28 (6),
starch granules. At intermediate water contents;Tthef waxy (7) Singh, V. Haken A E.- Paulsen M. R. Eckhoff. S. R. Starch
corn starch has a tendency to increase, whereas at excess water e I o
content theT. of corn and V\)//axy starches remained constat yield sensitivity of maize hybrids to drying temperature and
° . L harvest moisture contergtarch/Staekré998 50 (5), 181-183.
and T, values of corn wand waxy corn starches increased with 8500

0 . > (8) Weller, C. L.; Paulsen, M. R.; Steinberg, M. P. Correlation of
water content up to 70%, and thefy remained relatively starch recovery with assorted quality factors of four corn hybrids.

constant whileT decreased in excess water. The decrease of Cereal Chem1998,65 (5), 392—397.

Te with water content can be attributed to the lowering of the  (9) Haros, M.; Suarez, C. Effect of drying, initial moisture and
temperature at which gelatinization is completed as water variety in corn wet milling.J. Food Eng 1997,34, 473—481.
content increased. At 50% water content, corn and waxy corn (10) Haros, M.; Tolaba, M. P.; Suarez, C. Influence of corn drying
starches exhibited bimodal endothermic peaks, which can be on its quality for the wet-milling process. Food Eng 2003,
assigned to amylopectin double-helix dissociation and crystal 60, 177—184.

melting. As the water content increased, the first peak remained (11) Biliaderis, C. G.; Page, C. M.; Maurice, T. J.; Juliano, B. O.
at~60 °C, whereas the second peak might have shifted to higher Thermal characterization of rice starches: a polymeric approach
temperatures. All transition temperatures of corn and waxy corn to phase transitions of granular starch.Agric. Food Chem
starch increased with heating rate, whereas the effect of heating 1986,34, 6-14.

rate onAHg was dependent on water content. At lower heating (12) Resio, A. C.; Suarez, C. Gelatinization kinetics of amaranth
rates, besides endothermic peaks, exothermic peaks were starch.Int. J. Food Sci. TechnoR001,36, 441—448.
observed for samples containing 70 and 90% water. Exothermic (13) Spigno, G.; De Faveri, D. M. Gelatinization kinetics of rice starch

peaks may have probably shifted to higher temperatures for studied by non-isothermal calorimetric technique: influence of
samples containing lower water contents. SEM observations extraction method, water concentration and heating Jateood
revealed no significant morphological differences between Eng.2004,62, 337—344.

granules; however, corn and waxy corn starches dried at high (14) Lund, D. B. Applications of differential scanning calorimetry
temperature exhibited wrinkled surfaces probably due to high- in foods. InPhysical Properties of Food#eleg, M., Bagley,
temperature drying. The kinetic modeling of starch gelatinization E. B., Eds.; Avi Publishing: Westport, CT, 1983; p 140.

can be used in controlling parameters and selecting process (15) Ozawg, T. Kinetic analysis of derivative curves in thermal
conditions during processindg, values, calculated from an analysis.J. Thermal Anal1970,2, 301-324.

Arrhenius-type equation, of waxy corn starch and starches from (16) Turhan, M.; Gunasekaran, S. Kine.tics of in. vitr.o gelatinization
corn dried at high temperature increased compared to corn starch Ef ha;%ggd;zoftlzv?eat starches during cooking in wakeFood
and starches dried at low temperatures, respectively. This means ng. e - . . .
that waxy corn starch and starches from corn dried at high (17) Montgomery, D. CDesign and Analysis of Experimeriiley:
temperature are more sensitive to temperature and require more New vork, ,1976’ P 4,8_50’ 141145, 401, 410. .
energy for gelatinization. Concurring with published daa (18) lturriaga, L.; Lopez, B.; Anon, M. Thermal and physicochemical
valueg calculated from t'WO first-order models (eqs 6 ana 7 characterization of seven argentine rice flours and star&loesl

. . . Res. Int.2004,37, 439—447.

increased with water content. We found tfi&tL — ourp) highly

lated with 1T d usi d (19) Barichello, V.; Yada, R. Y.; Coffin, R. H.; Stanley, D. W. Low-
correlated wit p. and using eq 8 an attempt was made to temperature sweetening in susceptible and resistant potatoes:

calculatea aboveT,. The results were more accurate>ei0% starch structure and compositiah.Food Sci1990,55, 1054—
water contents for both corn and waxy corn starches than at 1059.

lower water content. (20) Ji, Y.; Ao, Z.; Han, J. A;; Jane, J. L.; BeMiller, J. N. Waxy
ACKNOWLEDGMENT maize starch subpopulations with different gelatinization tem-

) ) peraturesCarbohydr. Polym2004,57, 177—190.
We thank Prof. Marvin R. Paulsen of the Agricultural and  (21) Zobel, H. F. Starch granule structure. Developments in

Biological Engineering Department of the University of Illinois Carbohydrate Chemistry; Alexander, R. J., Zobel, H. F., Eds.;
at Urbana—Champaign for providing us with the starches used American Association of Cereal Chemists: St. Paul, MN, 1992;
in this study. pp 18—19.

(22) Karim, A. A.; Norziah, M. H.; Seow, C. C. Methods for the
study of starch retrogradatioRood Chem2000,71, 9-36.

(1) Chaiwanichsiri, S.; Ohnishi, S.; Suzuki, T.; Takai, R.; Miyawaki, ~ (23) Singh, N.; Kaur, L.; Singh, J. Relationships between various
0. Measurement of electrical conductivity, differential scanning physicochemical, thermal and rheological properties of starches
calorimetry and viscosity of starch and flour suspensions during separated from different potato cultivaks. Sci. Food Agric.
gelatinization process. Sci. Food Agric2001,81, 1586-1591. 2004,84, 714—720.

LITERATURE CITED



Gelatinization of Corn Starches J. Agric. Food Chem., Vol. 54, No. 12, 2006 4245

(24) Fujita, S.; Morita, T.; Fujiyama, G. The study of melting (28) Sopade, P. A.; Halley, P. J.; Junming, L. L. Gelatinisation of

temperature and enthalpy of starch from rice, barley, wheat, starch in mixtures of sugars. Il. Application of differential
foxtail- and proso-milletsStarch/Staerke 993,12, 436—441. scanning calorimetryCarbohydr. Polym2004,58, 311—321.

(25) Singh, S.; Raina, C. S.; Bawa, A. S.; Saxena, D. C. Effect of (29) Fukuoka, M.; Ohta, K.; Watanabe, H. Determination of the
heat-moisture treatment and acid modification on rheological, terminal extent of starch gelatinization in a limited water system
textural and differential scanning calorimetry characteristics of by DSC.J. Food Eng.2002,53, 39-42.
sweetpotato starch. Food Sci.2005,70 (6), 373—378. (30) Andreev, N. R.; Kalistratova, E. N.; Wasserman, L. A.; Yuryev,

(26) Chiotelli, E.; Rolee, A.; Le Meste, M. Effect of sucrose on the V. P. The influence of heating rate and annealing on the melting
thermomechanical behavior of concentrated wheat and waxy corn thermodynamic parameters of some cereal starches in excess
starch-water preparation.Agric. Food Chen2000,48, 1327— water. Starch/Staerkd.999,11—12, 422—429.

1339.

(27) Rolee, A.; Chiotelli, E';_ Le Meste,_ M. Effect of moisture content Received for review November 1, 2005. Revised manuscript received
on the thermomechanl_cal behavior of _conce(]trated Waxy COr- Al 13, 2006. Accepted April 20, 2006.
starch—water preparations—a comparison with wheat stdrch.
Food Sci.2002,67 (3), 1043—1050. JF0527089



