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The enthalpy changedHli) for melting of crystallites formed during stages showed a significantly positive correlation with the proportions of
retrogradation of 60% (w/w) amylopectins (AP) aged at 4°C were invesshort chain (chain length [CL] < 15 glucose units) and long chain (CL =
tigated using AP from 13 rice cultivars with wéltown structural prop-  16-100 glucose units) fractions, respectively. Retrogradation of AP with a
erties. According to the Avrami equation, the resultant kinetic parametetigher number-average degree of polymerization, greater proportion of
for AP retrogradation were obtained in relation to structural factorsshort chain fractions, and shorter average chain lengths revealed signifi-
Generally, the AP systems studied showed two stages of retrogradatioantly greaten; values and smalléf, values. Values fan, andK, showed
behavior during early<7 days) and late>{ days) storage. The Avrami little influence from the molecular properties except for the proportion of
exponent for early-stage kineticay,( 1.04-5.54) was greater than the extra long (CL >100 glucose units) and long chain fractioris,oiithe neg-

corresponding value for late-stage kinetios, (0.28-1.52). While the
Avrami K constant of the early-stage kineti¢é;,(1.0x10° to 2.3x10!
day™) was lower than the corresponding value of late-stage kinetics (K»,
4.4x10to 1.4 day™). The AH values for late and infinite retrogradation

atively linear relationships between l6gandn suggest the importance
of some nonstructural factors for AP retrogradation mechanisms in vari-
ous starch systems.

Extensive association of starch molecules occurs during storage
of gelatinized starch materials at below the melting temperature of
starch crystallites, resulting in viscosity increase, gel firming, and
texturd staing of predominantly starch-containing systems. This phe-
nomenon is caled retrogradation and is of considerable importance
to the food industry (Atwell et a 1988). It is generally regarded as
a crystallization or recrystalization (i.e., formation and subsequent
aggregation of double helices) process of amylopectin (AP) and amy-
lose (AM) molecules (Miles et a 1985, Atwell et a 1988). Because
the amount of APin most starches is greater than AM, most of the
crystallites formed during starch retrogradation are related to the
association of AP chains (Miles et d 1985). The melting of these

1998), and breads (Russell 1983, Armero and Collar 1998). Based
on the experimentally obtained Avrami exponent 1, it is gen-
erally concluded that the crystallization mechanism during AP retro-
gradation is instantaneous nucleation followed by growth of rod-
like crystals (Wong and Lelievre 1982, Mita 1992, Zhang and
Jackson 1992). However, retrogradation kinetics with values of
far different from unity were also found in literature (Armero and
Collar 1998, Jouppila et al 1998), suggesting that potentially diver-
sified crystallization mechanisms in various starch-containing sys-
tems are still not clarified. It is conceivable that AP retrogradation
kinetics in starch-containing systems are concomitantly governed
by several factors such as molecular properties (Shi and Seib 1992;

crystallites is thermoreversible (<100°C) and can be easily detectedMua and Jackson 1997, 1998), sample concentration (Jouppila et
by calorimetry (Miles et al 1985, Ring etE387). Unlike AM retro-  al 1998, Roulet et al 1988), AM content in starch (Russell 1987,
gradation, AP retrogradation proceeds slowly over several weeks Ban and Marks 1998), storage conditions (Lu et al 1997a, Mua and
storage (Miles et al 1985, Biliaderis and Zawistows890) and Jackson 1997, Jouppila et al 1998), and the presence of nonstarch
contributes to the long-term physical properties of starch systent®@mponents (Fredriksson et al 1998). Different methods may lead
(Miles et al 1985, Orford et al 1987, Russ€B7) or to the eating to different kinetic characteristics of retrogradation (Roulet et al
gualities of starch-containing products (Juliano 1985, Lii £08B). 1988, 1990). Among these factors, the role of AP structure in the
The changes in degree of crystallization of AP on retrogradatioretrogradation kinetics of pure starch systems and complicated
have been investigated frequently using different techniques sughoducts remains ambiguous.
as differential scanning calorimetry (DSC) (Russell 1983, Fan and The present report deals with the elucidation of retrogradation
Marks 1998, Jouppila et al 1998, Mua and Jackson 1998), X-rdginetics in pure AP systems in terms of molecular properties using
diffraction (Gidley and Bulpin 1987), rheometry (Doublier and AP from 13 rice cultivars with well-known molecular properties
Choplin 1989, Mita 1992), and Fourier transform infrared spectrofLu et al 1997b). The resultant kinetic parameters were also com-
scopy (FTIR) (van Soest et al 1994) or Raman spectroscopy (Bulkpared with those already reported for other starch-containing sys-
et al 1987). The overall crystallization process of macromoleculeems to try to conclude the concomitant effects from nonstructural
includes at least three stages: nucleation, crystal growth, arfactors present in various starch-containing systems. In addition,
perfection (Wunderlich 1990). The growth stage can be kineticallfinear relationships between Avraiiconstant and exponentnot
described using the Avrami equation (Wunderlich 19880, 1997). yet clarified in literature for a series of starch-containing systems
This equation is also used to describe the retrogradation or recryare discussed also.
tallization kinetics of AP (Mua and Jackson 1997, 1998), starches
(van Soest et al 1994, Bulkin et al 1987, Fan and Marks 1998,
Jouppila et al 1998, Mua and Jackson 1998), flours (Jouppila et al
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AP was isolated from starches of 13 rice cultivars: five indica
(Kaoshiung Sen 7 [KSS7], Taichung Sen 10 [TCS10], Taichung
Sen 17 [TCS17], Taichung Native 1 [TCN1], and Taisen 1 [TS1]),
five japonica (Kaoshiung 142 [KS142], Taichung 189 [TC189],
Tainan 9 [TN9], Tainung 67 [TNu67], and Tainung 70 [TNu70]),
two indica waxy cultivars (Taichung Sen Waxy 1 [TCSW1] and Hong
Xiao Waxy [HKW]), and one japonica waxy cultivar (Taichung
Waxy 70 [TCW?70]). Fractionation procedures and structural char-
acteristics of the AP were investigated previously (Lu et al 1997b).



Retrogradation Properties
A portion of 60% (w/w) AP suspension (=120 mg) was her-
metically sealed in a stainless steel crucible with a stainless steel

the 4th to 6th days and leveled off at about the 21st day. Slow
retrogradation rates, exemplified by HKW and TCW70 (Fig. 1C),
showed increasefiH values detectable on the 7th day and grad-

stopper and aluminum O-ring, followed by heating at 100°C fowally increased\H during storage. The retrogradation of the other
30 min, cooling at room temperature for 1 hr, and storage at 4°8P, including TCS10, TS1, TC189, TNu67, TNu70, and TCSW1,
for 0-35 days. The degree of recrystallization of retrograded ABhowed intermediate retrogradation rates.
samples was examined by heating from 5 to 120°C at a heatingAccording to Equation 2, the double logarithmic fraction of AP
rate of 5°C/min using differential scanning calorimetry (DSC)crystallization resting [log (-18), where® = (AH., — AH,)/(AH., —
(Setaram DSC 121, Caluire Cedex, France). An empty sealéiH,)] appeared to be linearly correlated with logarithmic time
crucible was used as the reference. The enthalpy changes (J/g(lof t) (Fig. 2). A two-stage relationship with a slope varying on
AP) were determined as means of three replicate measurementsthe 7th day of storage (lag= 0.85) was observed for each AP
except HKW and TCW?70. In Fig. 1, rapid retrogradation systems
Calculation of Retrogradation Kinetics of KSS7 and TCS17 (Fig. 2A) displayed log (€ values=0,

By assuming that the enthalpy chandeH) associated with with a slope changing at log (—8) = 0.3. Intermediate retro-
melting of crystals is proportional to the total volume of crystalsgradation systems, including TCN1, TCS10, TS1 (Fig. 2B); KS142,
present, the increase &H during AP retrogradation can be des- TC189 (Fig. 2C); TN9, TNu67, TNu70 (Fig. 2D); and TCSW1 (Fig.
cribed by the Avrami equation for spherical crystals (Avrami 19402E), generally revealed a slope deviating at log 6}x —0.3 to
Wunderlich 1997): 0.1. Slow retrogradation systems HKW and TCW70 (Fig. 2E)

_ _ n exhibited only one stage of retrogradation during late storage.
8= (BHo, — A /(BH, —AHo) = expEK ) @ These results suggest that for the retrogradation of 60% rice AP at
where 6 is the fraction of crystallization resting to take place; AH, 4°C there were probably two different crystallization mechanisms
and AH, are values (Jg of dry AP) at storage times of 0 and t
days, respectively (where AH, = 0 in this study); AH,, is the limit-
ing enthalpy change at infinite time (t - o) obtained from the plot

10 r 10 r
of LAH, against 1/t (Mita 1992); K is the constant (day™ con- O KSS7 A :122: o B
cerning nucleation, linear crystal growth rate, and crystal geometry; 0s | ATCSY 05 b #7s1
and n is the Avrami exponent relating to geometry and nucleation — 7
type and provides qualitative information on the nature of crystal c P
growth (Wunderlich 1990). Equation 1 can be aternatively expressed ooy oo
as. ° K<}
log (-In 8) =n log t + log K &) 0T s T
Accordingly, the n and K values, respectively, can be obtained R —— R —
from the slope and intercept of log (—In 8) versus log plot. 00 1.0 20 0.0 10 20
log t log t
Statistical Analysis
Pearson’s correlation analysis was computed using Statistical
Analysis System software (vers. 6.12, SAS Institute, Cary, NC). 01 nkstaz C YO xTne D
O TC189 © TNu67
RESULTSAND DISCUSSION os f 05 | #TNTO
=) =
Retrogradation Kinetics of Rice AP % 00 Z 00
After storage for an induction timé&,{) during which the aver- g 2
age enthalpy changeAH) were undetectable, th&H values for 05 05
melting of AP crystals (60%, w/w, 4°C) increased logarithmically '
with storage time (Fig. 1). The increasiagl values for 13 AP o
were roughly classified into three types of kinetic retrogradation 00 10 20 10 00 10 20
behavior. Rapid retrogradation behavior, exemplified by KSS7 and ' log ¢ ’ bgt '
TCS17 (Fig. 1A), showed a rapid increasékih commonly at the
4th day of storage and maximizé&dH by the 14th day. Inter-
mediate retrogradation rates, exemplified by TCN1, KS142, and 101 4 rcows E
TN9 (Fig. 1B), generally showed an increasélkh beginning on o HiW
05 ¢ ®@TCW70
2r A 12 B 12 C f
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g
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o Fig. 2. Plots of double logarithmic fraction of crystallization resting to
t (day

take place [log (—In 6)] against logarithmic time (lot) during retrogra-
dation of 60% (w/w) amylopectins from rice cultivarS&7, TCS174);
TCN1, TCS10, TSIR); KS142, TC189C); TN9, TNu67, TNu70D); and
TCSW1, HKW, TCW70 E) at 4°C. p = (AH, — AH)/(AH., — AHp), t in
day].
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Fig. 1. Typical increases in enthalpy change of 60% (w/w) amylopectins
from rice cultivars KSS7, TCS17 (A), TCN1, KS142, TN (B), and HKW,
TCWT70(C) at 4°C as a function of storage time.
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during early (<7 days) and late (=7 days) storage. Such two-stage
retrogradation phenomena are different from those found in potato
starch pastes (Mita 1992) and whest starch pastes (Wong and Lelievre
1982), where the slope changed in the first 2-30 hr of storage and
involved both AM and AP crystallization.

The AH values developed during storage, together with retro-
gradation kinetic parameters from the results of Fig. 2, are com-
pared in Table I, where the subscripts 1 and 2 represent data of
early (< 7 days) and late (= 7 days) storage stages, respectively.
The induction time (t;,q) ranged from three to six days. The aver-
age AH vaues yielded during early, late, and infinite storage stages
(AH4, AH,, and AH,,) had ranges of 2.0-9.5, 1.0-5.8, and 7.7-10.5
Jg, respectively, amost regardless of rice cultivar. The Avrami
exponent (ny) for early-stage retrogradation kinetics had a range of

(Jouppila et al 1998), and 28.6% rice flour (Fan and Marks 1998).
The n value for each AP system decreased as the crystallization
proceeded, which is in agreement with the findings for two-stage
spherulitic crystallization (Wunderlich 1976, Sperling 1993).

Correlation Between Retrogradation and Molecular
Properties

In our previous studies (Lu et a 1997b), the number-average
degree of polymerization (DP,) was 2,743-7,850, 7,327-11,931,
and 7,721-9,101 glucose units (gu), respectively, for indica, japonica,
and waxy AP. The average numbers of chain (NC) of these AP
were 128-424, 424-760, and 389-517, respectively; the average
chain lengths (CL) were 18.5-22.1, 15.4-17.5, and 17.6-19.8 gu,
respectively; the average exterior chain lengths (ECL), were 13.2-

1.04-5.54, which was greater than the corresponding vahygs ( 15.8, 11.3-12.6, and 12.2-13.2 gu, respectively; and the average
for late-stage kinetics (0.28-1.52). TKe constant of early-stage interior chain lengths (ICL) were 4.2-5.3, 3.2-4.1, and 4.4-5.7
kinetics generally followed the decreasing order of KSS7, TCS1du, respectively. The weight percentages of short chains (s) (CL <

(1.7x10* to 2.3x10' day™ > TCN1, TCS10, TS1 (6.7x10to
2.4x10? day™) > five japonica cultivars and TCSW1 (1.0=1f
4.4x10° day™). These K; values were lower than the correspon-
ding K, vaues of late-stage kinetics and those for HKW and TCW70
(4.4x10?to 1.4 day™), contrary to the tendency of increasing rate
of AH. The kinetic eguations accounted for 97.5-99.9% and 88.5—
99.9% of the data deviations for early and late retrogradation
stages (R? = 0.975-0.999 and 0.885-0.999, respectively). A higher
n value accompanied by lower K value was reported for 20% corn
AP (Mua and Jackson 1998), 40-50% wheat starches (Longton
and LeGrys 1981, Zhang and Jackson 1992), 60-80% corn starches

15 gu) were 58.5-65.1, 64.6-65.7, and 64.3-65.8%, respectively,
for the indica, japonica, and waxy cultivars. The weight percen-
tages of long chains (I) (CL = 16-100 gu) were 29.2-36.2, 34.3-
35.4, and 34.2-35.7%, respectively. Only the AP of indica TCN1,
TCS17, and KSS7 possessed 3.7-10.9% of extra-long chains (el)
(CL > 100 gu). Generally, the higher the DP,, the lower the chain
length and the greater the s vaue (Lu et d 1997b). Correlation coeffi-
cients between the retrogradation characteristics in Table | and the
molecular properties of AP were investigated and listed in Table I1.
The induction time t,y was significantly (P < 0.05) correlated
positively with DP, and s values. The AH; showed no significant

TABLE |
Retrogradation Properties and Kinetic Parameters During Early (<7 days) and L ate (=7 days) Storage Stages of Amylopectins
from Taiwan Rice Cultivars (60%, w/w, at 4°C)

Retrogradation Properties (J/g) Early Late
Cultivar ting? (days) AH,P AHC AH,, n, K, (day™) R? n, K, (day™") R?
KSs7 3 95 10 105 132 1.7 x 107 0.980 0.98 3.5 x 10% 0.999
TCS17 3 6.6 14 8.0 1.04 2.3 x 10t 0.998 0.28 14 0.990
TCN1 3 54 3.0 8.4 1.96 2.4 x 102 0.983 0.96 1.6 x 10t 0.997
TCS10 3 6.0 35 9.5 2.58 6.7 x 103 0.999 1.23 9.1 x 102 0.999
TS1 3 6.1 32 9.3 2,55 7.9 x 10° 0.988 118 1.1 x10? 0.996
KS142 4 6.8 31 9.9 554 2.3 x10° 0.996 1.08 1.3 x 101 0.944
TC189 3 79 20 9.9 352 1.5x10°% 0.975 0.93 2.5 x 107 0.947
TN9 5 33 58 9.1 5.49 1.0 x 103 0.999 1.22 6.6 x 102 0.973
TNu67 5 5.0 4.1 9.1 2.98 2.4 x10°% 0.999 152 4.4 x 107 0.999
TNu70 5 6.3 33 9.6 478 9.6 x 103 0.999 0.61 5.1 x 101 0.885
TCSW1 3 6.6 2.7 9.3 291 4.4 x10° 0.999 0.40 6.5 x 107 0.999
HKW 6 20 5.7 7.7 ced s s 0.96 6.8 x 102 0.989
TCWT70 6 38 4.9 8.7 e 0.78 1.8 x 10t 0.972
a |nduction time (tj,q) during which no detectable enthalpy changes (AH) were obtained.
b Subscripts 1 and 2 represent early and |ate retrogradation stages.
¢ AH, = AH,, — AH;.
dInsufficient data.
TABLE I
Correlation Coefficients Between Retrogradation Characteristics and Molecular Properties of Amylopectins
from Taiwan Rice Cultivars (60%, w/w, at 4°C}
Molecular Property® tind AH, AH, AH,, ny K1 n, Ky
DP, 0.55*¢ -0.34 0.53 0.15 0.75** —0.72* 0.16 -0.36
NC 0.52 —-0.26 0.46 0.21 0.76** -0.67* 0.16 -0.33
CL -0.44 0.10 -0.37 -0.43 —0.79** 0.61* -0.32 0.42
ECL —-0.48 0.18 —-0.43 -0.37 —0.82** 0.66* -0.24 0.40
ICL -0.31 -0.02 -0.22 —0.45 -0.64* 0.44 -0.45 0.40
el -0.43 0.20 —0.48 —-0.40 —0.64* 0.70* —-0.40 0.59*
| 0.13 0.06 0.24 0.61* 0.41 —0.58 0.46 —0.65*
S 0.58* -0.37 0.59* 0.18 0.72* -0.68* 0.29 -0.44

a Retrogradation characteristics as in Table I.

b DP,, NC, CL, ECL, and ICL are number-average degree of polymerization, average numbers of chain, average chain length,ezigraaiexéngth, and
average interior chain length in glucose units (gu), respectieely;ands are wt% of extra long (>100 gu), long GB0 gu), and shortg15 gu) chain
fractions, respectively.

¢* ** =P <0.05 anck 0.01, respectively.
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correlation with any of the molecular properties; the AH, and AH,,
exhibited significantly positive correlation with sand | values (P <
0.05), respectively. For early-stage retrogradation kinetics, the n,
significantly increased with increasing DP,, NC (P < 0.01), and s
value (P < 0.05), and with decreasing CL, ECL (P < 0.01), ICL,
and € (P < 0.05). These molecular parameters, except ICL, also ap-
peared to significantly affect K; (P <0.05) in ways contrary to those
for n,. For the n, and K, values for late-stage retrogradation, only
el and | values appeared to play a significant role in changing K.

Retrogradation Kinetics of Various
Star ch-Containing Systems

A comparison of retrogradation kinetics of AP in this study with
those of other starch-containing systems reported may alow the
identification of various AP retrogradation mechanisms in prac-
tical starch systems. As indicated in Table I, the n and K values
for retrogradation of 20% AP (1) isolated from regular corn starches
at 4°C were 1.171.73 and 9.7x18 to 3.7x10" day™, respec-
tively (Mua and Jackson 1998). Both ranges were narrower than
those of 60% rice AP in this study (2 and 3). The retrogradation of

regular corn starches (4-7) showech andK value ranges of 0.34—

5.60 and 1.0x16 to 3.0 day?, respectively, varying with starch
concentration and storage temperature (Jouppila et al 1998, Mua
and Jackson 1998). The waxy corn starch (8) exhibited an n value
of 2.19, which was greater than those of regular corn starch (4)
and its AP fractions (1) at the same experimental conditions (20%,
wiw, 4°C for 14 days) (Mua and Jackson 1998). And Kthealue
of the waxy starch (8) (2.5x10day™") was less than that of the
nonwaxy starch (4). By using Raman spectroscopy and an
assumed value of n = 1, the K value of 52% waxy corn starch (9)
appeared to be 2.2x4@ay? (Bulkin et al 1987). This is much
higher than K value of pure AP and starch systems by other tech-
niques. The results of FTIR indicated that the retrogradation of 10%
potato starch (10) at 5°C followed a kinetic equation Wtk
2.3x10? day! with an assumed vaue of n = 1 (van Soest et a

1994). The potato starch systems at 4.2-16.7% and 22°C (11) or

52% and 1°C (12), of which only retrogradation properties within

one day were measured, showed AM retrogradation with
0.64-0.66 andK = 1.5x10 to 2.5x160 day® (11) or n = 1
(assumed) and K = 6.0x1G day™ (12). For 28.6% commercial rice
starch during storage at 4°C (13), Fan and Marks (1998) foend
0.63 andK = 9.2x10" day™. Both parameters were different from
those of 40% wheat starches at 23°C ()F(0.78-1.26,K =
1.6x10* to 5.8x10' day™) (Zhang and Jackson 1992) and 28.6%
rice flours at 4°C (15)n(= 0.76-1.53,K = 1.8x10" to 4.6x16"
day™ (Fan and Marks 1998). By DSC and static rheometry (SR),
the values for staling kinetics of breads appeared to be n = 0.7 and
K =17-21day™ at 21°C (16) (Russell 1983) or= 0.80-3.37

2
O early-stage
@ late-stage
0 F
x
g2y
I
4 L
-6 L 1 a 1 ' J
0 2 4 6
Exponent n

Fig. 3. Relationship between logarithmic K constant and Avrami exponent
(n) for early- and late-stage retrogradation kinetics of 60% (w/w) rice amylo-
pectins at 4°CK in day™).

TABLE I
Avrami Kinetic Parameters (K and n values) for Retrogradation and Staling of Starch-Containing Systems

Starches and System No. Experimental Condition/Method?

K Literature Cited

AP from corn starches

1 20%, 4°C, 0-14 days/DSC 1.17-1.73
AP from rice starches

2 60%, 4°C, 0—7 days/DSC 1.03-5.54

3 60%, 4°C, 7-35 days/DSC 0.28-1.52
Corn starch (regular)

4 20%, 4°C, 0—14 days/DSC 0.59

5 60%, 10-60°C, 0—27 days/DSC 0.44-2.00

6 70%, 10-60°C, 0—27 days/DSC 0.62-5.60

7 80%, 50—80°C, 0-19 days/DSC 0.34-1.70
Corn starch (waxy)

8 20%, 4°C, 0-14 days/DSC 2.19

9 52%, 1°C, 0—14 days/Raman b1
Potato starch

10 10%, 5°C, 0-15 days/FTIR b1

11 4.2-16.7%, 22°C, 0-5 hr/DR 0.64-0%6

12 52%, 1°C, 0—1 days/Raman beg
Rice starch

13 28.6%, 4°C, 0-35 days/DSC 0.63
Wheat starchd

14 40%, 23°C, 0—11 days/DSC 0.78-1.26
Riceflours

15 28.6%, 4°C, 0-35 days/DSC 0.76-1.53
Bread

16 21°C, 0-15 days/DSC 0.7

17 24°C, 0-15 days/SR 0.80-3.37

9.7%48.7x10" day-!

1.0%1Q2.3x10* day™"
4.4%10.4 day"

3.7x10ayt
2.17409.0x10% day!
1.0%0.5x10 day*
4.1%3.0 day?

2.5x10ayt
2.2x10 day?

2.3x10" day*
1.5x10-2.5x10 day*¢

6.0x1C¢ day*¢

9.2x@ay—"
1.6%1B.8x10 day™"
1.8%410.6 x10 day ™"

1.7-2.1 day
1.2x30.6x10" day*

Mua and Jackson 1998

This study
This study

Mua and Jackson 1998
Jouppilaet al 1998
Jouppila et a 1998
Jouppilaet al 1998

Mua and Jackson 1998
Bulkin et al 1987

van Soest et al 1994
Mita 1992

Bulkin et al 1987

Fan and Marks 1998
Zhang and Jackson 1992
Fan and Marks 1998

Russell 1983
Armero and Collar 1998

a | ndices obtained from DSC(differential scanning calorimetry), DR (dynamic rheometry), FTIR (Fourier transform infrared spectroscopy), Raman spectroscopy,
and SR (static rheometry) are enthalpy change (AH), storage modulus (G'), absorbance ratio of bands 1,053 to 1,035 cm™, half width of 480 cm™ band, and

gel firmness, respectively.
b Presumed value.
¢ Datainvolved mainly amylose gelation.
d Native and acid-treated wheat starches.
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and K =1.2x10° to 1.6x10' day* at 24°C (17) (Armero and to both crystal growth and perfection stages, respectively. These
Collar 1998). Using DSC, the values of AP retrogradation in stages may be relevant to two major mechanisms of AP retro-
pure AP or starch systems had a range of 0.28-5.60 arld thegradation in 30% wheat and potato starches -&20%4C: the
values were 1.0x10to 9.2x10! day™ (or day™). The exponents  formation of crystalline clusters along AP chains and the subse-
of the units for K in the original reports were inconsistent, but quent formation of cross-links between adjacent clusters (Keetels
such inconsistency caused minor discrepancy in comparisons et al 1996). Multistage retrogradation behaviors are also found in
because most of the n values were = 1. 52% waxy corn and potato starches (Bulkin et al 1987), 10% potato
There were negative linear relationships between log K and n starch gels (van Soest et al 1994), and 0.6-2.8% AM (Doublier
(Fig. 3) for early and late retrogradation stages of the AP studied. and Choplin 1989). The retrogradation of nonwaxy starches appears
Such relationships can also be discovered in the data extracted to involve more complicated crystallization mechanisms caused
from severd reports (Zhang and Jackson 1992, Fan and Marks by AM and AP molecules (Miles et al 1985, Orford et al 1987,
1998, Jouppila et a 1998). The constants of the relationships Mita 1992, van Soest et al 1994).
obtained by least-squares method are given in Table IV. Evidently, It is reasonable that ordered helices of AP chains should appear
the 60% rice AP retrograded at 4°C (2 and 3 of this study), 60 arduring cooling or early storage at 4°C and act as nuclei for sub-
70% corn starches retrograded at 10-60°C (5 and 6 of Jouppilasstquent crystal growth (Wong and Lelievre 1982, Bulkin et al
al 1998), and 40% wheat starch retrograded at 23°C (14 of Zhai®87, van Soest et al 1994, Keetels et al 1996). Hence, hetero-
and Jackson 1992) exhibited similar slopes (0.923 to —1.180). geneous nucleation where nuclei are already present (Wunderlich
The 80% corn starch at 50—-80°C (7 of Jouppila et al 1998) artb90) may adequately describe what occurs in the retrograded AP
28.6% rice flours at 4°C (15 of Fan and Marks 1998) showed and starch systems. For macromolecular crystallization, heterogen-
slope of —1.353 and —0.497, respectively. The interbegilues  eous nucleation may be athermal or thermal. Athermal nucleation,
were 0.055-0.895, increasing as the absolute magnitude of where all crystals started growing at the same time, seems to be more
increased RZ = 0.903-0.998). Log<-n relationships were not possible than thermal nucleation, where new crystals started growing
observed in the following systems: those containing complicatethroughout the crystallization (Wunderlich 1976). If athermal
compositions (Armero and Collar 1998); those at very low starchucleation is considered as the primary mechanism for AP crystalli-
concentrations such as 1% (del Rosario and Pontiveros 1983); zation, an instantaneous and predetermined nucleation would be fol-
for AM retrogradation occurring on very short-term storage (0-3owed by fibrillar or rod-like 1 < 1), disk-like or diffusion-controlled
hr) (Mita 1992). Accordingly, it may be suggested that a fow spherical (1 <n < 2), spherical (2 0 < 3), or solid-sheafn(=5)
value, narrow range inorK, and greab-dependence df tended crystal forms (Wunderlich 1997). Therefore, the results of Table II
to appear under diffusion-controlled conditions includinggrged  demonstrate that the crystallization types during early storage of
storage, starch concentrations as high as 80%, and the presencé@ AP may be disk-like (KSS7, TCS17, and TCN1), spherical
nonstarch components in flours. Because bottand K are  (TCS10, TS1, TNu67, and TCSW1), and solid-sheaf (KS142, TN9).
constants concerning nucleation type and crystal geometry (Wui-C189 and TNu70 showed crystallization types between spherical
derlich 1997), their relationship can facilitate the clarification ofand solid-sheaf. As to the late-stage retrogradation, all rice AP exhib-
the differences in AP retrogradation mechanisms between varioited similar mechanisms of instantaneous nucleation followed by
systems. In addition, the value was reported to be highly corre- rod- or disk-like growth of crystals. This result agrees with Wun-
lated with amylogram parameters (Armero and Collar 1998). Thigerlich (1976) in that for two-stage spHiia crystallization, the
index may reveal important information about the texture or eatingterior of a macromolecular spherulite is often fibrillar. Thermal

quality of starchy products. nucleation may be partially present during the retrogradation as well.
Effects of molecular properties on extent of retrogradation. The

Influence of Molecular Factors on AP Retrogradation molecular properties of AP in this study are,B32,743-11,931 gu,

M echanisms CL=15.4-22.1 gu, ECL = 11.3-15.8 gu, and ICL = 3.2-5.7 gu. The

Events during crystallization process. By considering nucleation, short-chain fractions composed of exterior and interior chains are
crystal growth, and perfection stages for the overall recrystallieomparable to the A chains and parts of B1 chains, and the long
zation process (Wunderlich 1990), the nucleation rate, whishld  chain fractions are comparable to the B1-B4 chains in the revised
be inversely proportional to induction timg, tends to decrease cluster model of Hizukuri (1986). The data of Table Il suggest the
with increasing DRPands values. The subsequent crystal growthincorporation of short chains in crystal growth and perfection
is nucleation-controlled under isothermal conditions (Biliaderisstages through crystallization and cocrystallization processes. Simi-
and Zawistowiski 1990, Wunderlich 1997, Fredriksson et al 1998)arly, the retrogradation extent of 36% waxy maize starch at 20°C
Because smaller and less perfect crystalline regions are pronewas closely related to that of ECL (11.3-13.9 gu) (Wirsch and Gumy
be present at lower storage temperatures such as 4°C (Longtb®94). For the systems of linear maltooligosharides at 30—-50%
and LeGrys 1981, Jouppila et al 1998), crystal perfection aftew/w (at 15 and 30°C), the minimum CL required was 10 gu for
recrystallization would proceed slowly for several weeks of storagerystallization and 6—9 gu for short chains cocrystallized witigér
(Shi and Seib 1995). Consequently, the early and late kinetic stagelsains (Gidley and Bulpin 1987). However, the minimal CL for
for pure AP (Fig. 2) can be linked to the crystal growth stage anfbrmation of stable crystallites between branching chains in AP

TABLE IV
Relationships Between K and n Values for Retrogradation of Various Starchy Systems?

logK=axn+b

Starch System No. a b R2 Data Source
60% rice AP 2 —-0.923 0.296 0.991 This study
3 -1.180 0.422 0.934 This study
60% corn starch 5 -1.007 0.451 0.903 Jouppila et al 1998
70% corn starch 6 —-0.989 0.473 0.990 Jouppila et al 1998
80% corn starch 7 -1.353 0.895 0.998 Jouppila et al 1998
40% wheat starch 14 -1.089 0.584 0.949 Zhang and Jackson 1992
28.6% rice flour 15 —0.497 0.055 0.972 Fan and Marks 1998

a Detailed experimental conditions and the uniKadre shown in Table IIl.
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molecules should be greater than that of maltooligosaccharides below melting temperatures of crystallites formed by AP (40—
because of the effects of steric hindrance. For the 36% waxy maize  60°C), a lower storage temperature would cause a higlatue
starch aged at 20°C, Wirsch and Gumy (1994) discovered that whédel Rosario and Pontiveros 1983, Wu and Eads 1993, Jouppila et
ECL <11, no retrogradation enthalpy is observed. The presence af 1998); increased nucleation rate or retrogradation rate (Roulet
short chains with CL = 6-11 gu is probably detrimental to theet al 1988, Fredriksson et al 1998); and a greater proportion of
association of long external chains in 25-50% waxy maize star@dmaller and less perfect crystallites (Longton and LeGrys 1981,
systems (Wirsch and Gumy 1994, Shi and Seib 1995). Accordingliu et al 1997a, Jouppila et al 1998). These effects anagunt for
the minimal CL for crystallization and cocrystallization of AP some deviations in the data of Table IlI, except for systems 5-7
chains may be 12 gu but is probably dependent on the sampigtrograding at temperatures close to melting temperatures of
concentration and storage condition used. crystallites. For those, the crystallization rate in starch appeared to
The AH,, AH,, and AH,, for AP retrogradation reflect the increase with increasing temperatures (Jouppila et al 1998).
amount of crystallites produced during early crystal growth, lat&€omparisons of systems 9 (for AP retrogradation) and 12 (for AM
crystal growth with perfection, and the overall recrystallizationretrogradation) with the other systems of Table lijgest that the
process, respectively. The results in Table Il demonstraté@khat data by Raman spectroscopy probably gave a gri€atalue than
was not closely related to AP molecular properties. Because thlose by DSC, X-ray diffraction, FTIR, or static rheometry (SR).
minimal CL for crystallization and cocrystallization of AP chains This can be attributed to the fact that Raman spectroscopy responds
may be 12 gu, all short, long, and extra-long chain fractions prolie small-range molecular ordering but the other methods reflect
ably contribute equally to the early-stage crystallization. Howevetpng-range and notable recrystallization (Longton and LeGrys 1981,
AH, andAH,, increased significantly with increasing proportion of Roulet et al 1988). The adoption of a fixednstead of a varying
short (CL< 15 gu) and long chains (CL = 16-100 gu), respecq, in fitting the experimental data with the Avrami equations may
tively. For the diffusion-controlled late-stage crystallization, thecause some discrepancies in the kinetic data of systems 9, 10, or
influence of short chains appears to exceed that of longer chairk? (Longton and LeGrys 1981, Zhang and Jackson 1992).
probably because of greater mobility (Zhang and Jackson 1992).The results in this study suggest that the Avrami approach
Self-crystallization of short chains and partial cocrystallization ofallows insight into the type of AP recrystallization mechanisms in
short chains with long chains are probable (Gidley and Balp8Y).  various starch-containing systems, although this approach can be
The effects of long chains dH,, are also observed in the results successful only with microscopic data (e.g., crystallite size) rather
of maize starches (25-50%, 4°C), where the degree of retrogrdtan with thermal analysis data (Wunderlich 1997). However, with
dation is proportional to the amount of branching chains with Cthermal analysis, the resultaitconstant of the Avrami equation
= 16-30 gu (Shi and Seib 1995). However, the proportion of shodoes not reflect the rate constant of recrystallization during starch
chains with CL < 17.8 may also have a notable role in increasingtrogradation. Some complications in the Avrami approach of retro-
the finalAH as it does for high-amylose barley starch (Fredrikssomradation kinetics remain to be considered, including the potential
et al 1998). On the other hand, Mua and Jackson (1998) concludelianges in volume of individual crystallite, linear growth rate, num-
that intermediate AP fractions developed more crystallization ander of nuclei, and crystal morphology (Wunderlich 1976).
gel firmness than did high and loM,, fractions, similar to the

results of AM fractions. These effects from molecular properties CONCLUSIONS
may be further governed by storage period (Mua and Jackson 1997).
Effects of molecular properties on retrogradation mechanisms. By using the Avrami equation in modeling the changeAHn

Table Il indicates that for 60% rice ABR; increased and; during retrogradation, the 60% rice AP aged at 4°C indicated a
decreased with increasing PIRC, and proportion of short chains two-stage recrystallization process. Correlation analysis suggested
(s) or with decreasing CL, ECL, and proportion of extra-longthat the kinetic parameters of early-stage retrogradatiorddys)
chains ). The effects of DP and NC an agree with the results were more significantly correlated than late-stage retrogradation
of others on 20% AP gels aged at 4°C in thatrthealue was (=7 days) with the number-average molecular weight and chain
significantly proportional toM,, and inversely proportional to lengths of the AP molecules. The proportion of short, long, and
branching (Mua and Jackson 1998). The roles of chain lergths, extra-long chain fractions appeared to have greater influences on
andel values in changing; partially agree with the finding that the enthalpy changes and late-stage kinetics than the other struc-
cereal AP showed lower retrogradation rates (25%, ilMOIQ&BCI  tural factors. The negatively linear relationship betweerkl@mnd

at 1°C) than did noncereal AP because the former has lower Gifor a series of AP or starch systems may be potentially governed
values (Orford et al 1987, Kalichevsky et al 1990). Similarly, theby some nonstructural factors such as sample concentration, storage
AP fragments (DP = 586-1,235 gu) resulted in higher initial ratesondition, and the presence of nonstarch components in flours.
of recrystallization than did higher molecular weight counterpart&(nowledge about the events and kinetic properties of AP recrys-
(Zzhang and Jackson 1992), in agreement with the concept ddllization would be helpful for controlling starch retrogradation in

macromolecular crystallization (Wunderlich 1976). food industry.
Other influencing factors on AP retrogradation kinetics. Amylose
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