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The effect of storage temperature on recrystallization and glass transition temperature (Tg) of
nonwaxy and waxy rice starch gel systems containing 60% moisture content was investigated by
differential scanning calorimetry to understand the relationship between them. The nucleation
and propagation for the recrystallization process were determined by recrystallization degree
obtained from crystallite melting enthalpy changes during storage. The recrystallization rate for
both rice starch gels within 3 days of storage and its temperature dependence were analyzed by
Avrami and Arrhenius equations. The maximum nucleation and propagation for recrystallization
of both rice starch gel systems occurred at 4 °C and 30 °C, respectively. The Tg slightly increased
with increasing recrystallization degree, and the highest Tg was observed in the maximum
recrystallization temperature ranges. The Tg and recrystallization rate of nonwaxy rice starch gel
were changed more than those of the waxy one, while the higher activation energy and Q10 value
were shown in waxy rice starch gel.
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INTRODUCTION

Starch is a partially crystalline polymer which has
amorphous, intercrystalline, and crystalline regions
(Slade and Levine, 1987; Biliaderis, 1992); thus, it
should exhibit two phase transitions when heated in
water. One is the melting transition of the crystalline
region, and the other is the glass transition of the
amorphous region (Maurice et al., 1985; Biliaderis et
al., 1986). Donovan (1979) was the first to work on the
phase transition of starch; most of the phase transition
studies mainly using differential scanning calorimetry
(DSC), in the past focused on the first-order melting
transition of the crystalline phase of starch.
However, since Slade and co-workers (Slade, 1984;

Maurice et al., 1985) recognized the existence of a
second-order transition (glass transition), many studies
have been reported on the glass transition temperature
(Tg) of starch-water systems and starch blends using
DSC (Maurice et al., 1985; Biliaderis et al., 1986; Slade
and Levine, 1988, 1989), dynamic mechanical thermal
analysis (DMTA) and NMR (Kalichevsky et al., 1992,
1993), and permeability (Arvanitoyannis et al., 1994,
1996).
The gelatinized starch has no crystallites, which

means that the crystalline region of starch changes into
an amorphous region. If the gelatinized starch is stored,
nonequilibrium recrystallization depends on storage
conditions such as time, temperature, and moisture
content, and the starch becomes retrograded (Levine
and Slade, 1989). The retrogradation of starch has been
defined as “a process which occurs when the molecules
comprising gelatinized starch begin to reassociate in an
ordered structure” (Atwell et al., 1988).
The Avrami theory has been widely applied to deter-

mining the retrogradation rate of starch gels and cooked
rice (McIver et al., 1968; Colwell et al., 1969; Kim et
al., 1976, 1996; Kim and Kim, 1984), and recently some

other equations, such as the Williams-Ferry-Landel
(WLF) equation and the Hoffman equation, were used
to study the kinetics of the crystallization process (van
Krevelen, 1990; Arvanitoyannis and Blanshard, 1994).
In many starchy foods, the recrystallization and the

glass transition of starch play key roles in the quality
and storage stability of the products. Therefore, the
control of these processes is very important for keeping
the quality of starch-containing food products (Ablett
et al., 1986; Levine and Slade, 1989; Ward et al., 1994).
The degree of recrystallization and the nature of the

recrystallites formed may be affected by starch source,
storage temperature, concentration, and the presense
of salts, acids, lipids, surfactants, and sugars (Orford
et al., 1987; Zeleznak and Hoseney, 1986; Slade and
Levine, 1987; Eliasson and Ljunger, 1988; Russell and
Oliver, 1989).
It was also found that the glass transition tempera-

ture (Tg) is specific for each compound and depends on
the free volume, degree of polymerization, molecular
geometry, crystallinity, and average molecular weight
of the polymer (Levine and Slade, 1988, 1989; Slade and
Levine, 1989, 1991). The Tg of starch is sensitive to the
amount of diluent present (Biliaderis, 1991). Low
molecular weight diluent such as water or plasticizer
depresses the Tg of a polymer (starch)-water system
(Levine and Slade, 1988, 1989; Biliaderis, 1991).
Although many recent studies have been reported on

the recrystallization and glass transition of starch-
water systems, there are few reports on the relationship
between recrystallization and glass transition. In this
study, we investigated the recrystallization and the
glass transition of nonwaxy and waxy rice starch gel
systems containing 60% moisture content as a function
of storage temperature by DSC to find out their rela-
tionship.

MATERIALS AND METHODS

Source of Rices. Dongjin rice, as a nonwaxy rice starch
source, and sinsun waxy rice, as a waxy rice starch source,
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were obtained from Rural Development Administration, Su-
won, Korea. Dongjin rice contains about 20% amylose, and
sinsun waxy rice contains a little amylose content. Both rices
were the first season’s crop of 1994.
Isolation of Rice Starch. The rice was soaked in deion-

ized water for 8 h and ground in two volumes of 0.2% (w/v)
NaOH solution with a Waring blender for 3 min. The rice
suspension was passed through a 100-mesh sieve and allowed
to stand at 4 °C for 24 h. The supernatant was removed, and
two volumes of 0.2% (w/v) NaOH solution were added under
stirring, and then the solution was kept at 4 °C for 24 h. This
process was repeated until the protein was completely re-
moved. The resulting sediment was washed with deionized
water until neutral pH was achieved. The isolated starch was
dried to a moisture content of 12% at 25 °C and ground to
pass through a 100-mesh sieve. All starch samples were stored
at 4 °C.
Thermal Analysis by DSC. For rice starch gel prepara-

tion, about 10 mg of each rice starch suspension was prepared
by adding deionized water to the above starch samples to
achieve 60% (w/w) of moisture content. The suspensions were
sealed in coated aluminum DSC crucibles with aluminum
stoppers (Mettler ME-27331). The sample pans were heated
from 20 to 100 °C in a differential scanning calorimeter
(Mettler TA-4000 system, DSC 30U.K.) at a heating rate of 5
°C/min. An empty pan was used as the reference. Subse-
quently, the gelatinized samples were stored at various
temperatures to allow them to recrystallize, during which time
the effect of storage temperature on recrystallization was
observed.
To find out the recrystallization kinetics of rice starch gels,

two different experiments were conducted. First, in order to
determine the effect of temperature on nucleation, rice starch
gels with 60% moisture content were stored at -20, -12, 0, 4,
20, 30, 40, 50, and 60 °C, respectively. Second, for the
determination of the effect of temperature on propagation, rice
starch gels with 60% moisture content were stored at 4 °C for
2 days to nucleate, and then these samples were put into
incubation chambers set at 30, 40, 50, and 60 °C, respectively.
After storage, the samples were reheated as mentioned above.
Melting temperatures and crystallite melting enthalpies were
measured from DSC thermograms, and the degree of recrys-
tallization was calculated as the percentage of the enthalpy
at time t over the gelatinization enthalpy.
To investigate the Tg, gelatinized and stored samples were

cooled at the maximum rate (about 40 °C/min) to -70 °C, and
then reheated to 100 °C at a heating rate of 5 °C/min.
The Tg of rice starch gel was determined from the DSC

thermogram using the first derivative curve of heat flow to
time (Figure 1).
Analysis of Recrystallization Rate and Its Tempera-

ture Dependence. The recrystallization rate was analyzed
by the Avrami equation (Colwell et al., 1969).

where θ is the noncrystallization part at time t, E0 is the
enthalpy at time 0, Et is the enthalpy at time t, EL is the
maximum enthalpy, k is the rate constant (time-1), and n is
the Avrami exponent.
The influence of temperature on starch recrystallization rate

is represented by Q10,

where T is the absolute temperature (K).
The temperature dependence of the recrystallization rate

was analyzed by the Arrhenius equation (Labuza, 1982),

where A is the Arrhenius constant, Ea is the activation energy
(cal/mol), R is a constant (1.987 cal/(mol K), T is the absolute
temperature (K), and k is the rate constant (time-1).
The relationship betweenQ10 and activation energy (Ea) was

analyzed by the following equation (Labuza, 1982):

where Ea is the activation energy and T is the absolute
temperature (K).

RESULTS AND DISCUSSION

Effect of Temperature on Recrystallization. The
changes in degree of recrystallization of nonwaxy and
waxy rice starch gels during storage at various temper-
atures are shown in Figure 2. The maximum recrys-
tallization of both rice starch gels at a single storage
temperature occurred at 4 °C, and the degree of recrys-
tallization leveled off after 9 days of storage, whereas
very little or no recrystallization was found below -20
and above 30 °C.
The increase of recrystallization degree during storage

at a single temperature can be considered as a nucle-
ation step for recrystallization. It has been reported
that recrystallization at single temperature was ob-
served between Tg and the crystallite’s melting temper-
ature (Tm), and the maximum nucleation occurs just
above Tg (Slade and Levine, 1988). However, our results
provide information on the specific temperature range
for recrystallization (nucleation) of rice starch gel, in
which the maximum nucleation occurred well above 0
°C, that is, refrigeration temperature range, and the
recrystallization was found to occur in rice starch gel
at temperatures below Tg.
In contrast to the nucleation of rice starch gel, the

degree of recrystallization of rice starch gels after
nucleation at 4 °C for 2 days, which means propagation
occurred, is shown in Figure 3. The recrystallization
of rice starch gel already possessing the nuclei occurred
up to 50 °C, and the maximum propagation was
observed at 30 °C. This temperature range is a little
lower than the Tm of rice starch, which is somewhat
different from the results for semicrystalline synthetic
polymers and for B-type starch (Slade and Levine,
1988). This result indicates that the nuclei formed at

Figure 1. DSC thermogram of Tg for a high-moisture rice
starch gel system.
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4 °C for 2 days might be melted at temperatures above
30 °C, and the melting degree increased with increasing
storage temperature due to the instability. These
results are similar to those reported, showing that the
greatest rate and extent of staling in the shortest time
are achieved by faster nucleation at 0 °C for long enough
to allow extensive nucleation, followed by faster propa-
gation at 40 °C (Slade, 1984; Zeleznak and Hoseney,
1987).

Figure 4 shows the recrystallization kinetics of both
rice starch gels containing 60% moisture, expressed in
terms of the degree of recrystallization as a function of
temperature. The maximum nucleation and propaga-
tion occurred near 4 and at 30 °C, respectively. How-
ever, it could be assumed that the maximum degree of
overall recrystallization for rice starch gel at a single
temperature still occurs near the maximum nucleation
temperature. This fact has been noted as a clear
indication that the recrystallization process for B-type
starch is strongly nucleation-limited (Slade and Levine,
1988).
The crystallite’s melting endotherm of nucleation was

observed in the range from 35 to 61 °C, but in propaga-
tion it shifted to higher temperature with respect to
storage temperature, resulting in stopping near the
gelatinization temperature (Figure 5). It seems that the
crystallites grown at high temperatures are more stable

Figure 2. Changes in degree of recrystallization of nonwaxy
(A) and waxy (B) rice starch gels during storage at various
temperatures; b, 30; 9, 20; 2, 4; 1, 0; [, -12; \, -20 °C.

Figure 3. Changes in degree of recrystallization of nonwaxy
(A) and waxy (B) rice starch gels during storage at various
temperatures, after nucleation at 4 °C for 2 days; b, 60; 9,
50; 2, 40; 1, 30 °C.

Figure 4. Recrystallization kinetics of nonwaxy (A) and waxy
(B) rice starch gels containing 60% moisture, expressed in
terms of the degree of recrystallization as a function of temp-
erature: b, 1 day; 9, 2 days; 2, 3 days; and 1, 5 days.

Figure 5. Crystallite melting endotherm of rice starch gel
stored at different temperatures and times, (A) 4 °C for 5 days;
(B) 4 °C for 2 days, then 30 °C for 3 days; (C) 4 °C for 2 days,
then 40 °C for 3 days; (D) 4 °C for 2 days, then 50 °C for 3
days.
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and closer to the shape and size of crystallites of native
starch. These results also can be explained on the basis
that the recrystallization of rice starch gel is very
sensitive to storage temperature at a constant moisture
content, which may be governed by the interaction
between molecules of crystallite, leading to changes in
the shape of the crystallite.
Recrystallization Rate and Its Temperature

Dependence. Data on the effect of temperature on the
recrystallization kinetics of rice starch gel suggested
that the overall process is nucleation controlled; thus,
the changes of recrystallization degree within 3 days of
storage, which has an exponentially linear relationship
with time, can be analyzed by the Avrami equation
(Figure 6). The 35% and 41% recrystallization degrees,
which were the values after 9 days of storage at 4 °C
for nonwaxy and waxy rice starch gels, respectively,
were used as the maximum degrees of recrystallization
(EL). The Avrami exponents (n) of both rice starch gels
obtained by plotting log[-ln{(EL - Et)/(EL - E0)}]
against log t were close to 1.0. This fact indicates that
recrystallization of rice starch gel during 3 days of
storage at a single temperature has instantaneous
nucleation, followed by rodlike growth of crystals (McIv-
er et al., 1968).
When the Avrami exponent is equal to 1.0, the rate

constant (k) was determined from the graph of ln (EL -
Et) versus time (Figure 7). Avrami exponents (n) and
time constants (1/k, reciprocal rate constants) for both
rice starch gels at various storage temperatures are
listed in Table 1. The values of time constants for both
rice starch gels were found to be lowest at 4 °C and
increased at the other storage temperature ranges. This
result agrees with the trends in the change of recrys-
tallization degree.
However, the recrystallization rate of waxy rice starch

was slower than that of the nonwaxy one, which is the
reverse of the phenomenon observed in the change of
recrystallization degree. According to the work of Miles
et al. (1985), Ring et al. (1987), and Gidley and co-

workers (Clark et al., 1989; Gidley, 1989), starch re-
trogradation occurs at two kinetically distinct process:
(1) rapid gelation of amylose via formation of double-
helical chain segments, followed by helix-helix ag-
gregation, and (2) slow recrystallization of the short
amylopectin chains. Thus, the above result might be
because the reaction rate in the initial stage of recrys-
tallization is dependent on the amylose content of rice
starch.
The temperature dependence of the recrystallization

rate analyzed by the Arrhenius equation was plotted
(Figure 8). It has been reported that the temperature
dependence of reaction rates in the rubbery state (Tg <
T < Tg + 100 °C) does not obey the typical Arrhenius
response (Levine and Slade, 1986). But our data on
recrystallization kinetics for both nonwaxy and waxy
rice starch gels within 3 days of storage well followed
the Arrhenius relation. This is illustrated by the time-
dependent development of the storage modulus of amy-
lose and amylopectin gels (Biliaderis, 1992).
The activation energy (Ea) was determined from the

slope of the Arrhenius plot, and the Q10 value was
calculated from eq 6 (Table 2). It was reported that the
activation energy was -4.47 kcal/mol and the Q10 value
was 1.26 at room temperature in the retrogradation of
cooked rice (Kim et al., 1996). Meanwhile, in the case
of bread retrogradation, the activation energy and Q10
value were -8.84 and 1.67 kcal/mol, respectively (La-
buza, 1982). The activation energy and Q10 value of
waxy rice starch gels were higher than those of the
nonwaxy one, but these values were between those of
cooked rice and bread. On the other hand, the activa-
tion energies andQ10 values of both rice starch gels were
changed at 4 °C. Higher activation energy and Q10
value were observed above than below 4 °C, indicating
that the change of the recrystallization rate below 4 °C
is smaller than that above 4 °C. This result is similar
to the report by Huang et al. (1994) that wheat starch

Figure 6. Plot of log[-ln(EL - Et)/(EL - E0)] against log time
of nonwaxy (A) and waxy (B) rice starch gels stored at various
temperatures: b, 20; 9, 4; 2, 0; 1, -12; and [, -20 °C.

Figure 7. Plot of ln (EL - Et) against time of nonwaxy (A)
and waxy (B) rice starch gels stored at various temperatures:
b, 20; 9, 4; 2, 0; 1, -12; and [, -20 °C.
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gels, rice flours, and rice starch gels have smaller
enthalpy below zero than above zero by DSC.
Changes of Tgs during Recrystallization. The

changes of Tgs for both nonwaxy and waxy rice starch
gels containing 60% moisture content stored at various
temperatures were shown in Figure 9. The Tgs of gela-
tinized nonwaxy and waxy rice starch were -7.8 and
-7.2 °C, respectively. It has been observed that a glass
transition appears at -7 °C in retrograded gels with
55% total moisture content (Slade and Levine, 1984).
There were progressive increase in the Tgs of both rice

starch gels stored at 20, 4, 0, and -12 °C with increasing
storage time, and a significant increase of Tgs was
observed in the range of 0-4 °C.
This result demonstrates that there is a good correla-

tion between the nucleation degree for recrystallization
and Tg of the rice starch gel system, and the change of
Tg for rice starch gel stored at a single temperature is
also nucleation limited. Huang et al. (1994) also
observed that the Tg of rice starch gel increased pro-
gressively during the storage and that the extent of the
increase was affected by the storage temperature.
Evidences from semicrystalline synthetic polymers and
starches show that, as the degree of crystallinity
increases, the Tg also increases (Jin et al., 1984;
Zeleznak and Hoseney, 1987; Levine and Slade, 1989;
Roos and Karel, 1991). The recrystallization caused by
reassociation of starch molecules with hydrogen bonding
might decrease the amount of effective plasticizing
water and increase the Tg (Biliaderis, 1992). Conse-
quently, as the ratio of crystalline to amorphous regions
is increased, Tg should be increased.

On the other hand, the Tg of nonwaxy rice starch gel
was changed greater than that of the waxy one upon
storage at all storage temperatures, which is closely
connected with the difference of the recrystallization
degrees between two rice starch gels. Presumably, this
is because of the amylose content of nonwaxy rice starch,
which could lead to the amorphous region rather than
the crystalline region.
The decrease of the Tgs of both rice starch gels stored

above temperatures in the 30 °C range, in which
propagation occurred well, was observed. This might
be explained by the exothermic peak, Td, following the
glass transition attributed to the crystallization of
unfrozen water (Figure 10). During the rapid decrease
in temperature, the water in gel stored at a high
temperature did not freeze and was maintained in a
glassy state during the cooling treatment on the gela-
tinized sample. When the sample was reheated from
-70 to 100 °C for the Tg determination, the devitrifi-
cation occurred. The Td was then detected following Tg
by the crystallization of the devitrified water (Simatos
et al., 1975; Liu and Lelievere, 1992; Huang et al., 1994).
Huang et al. (1994) also observed the occurence of this
Td peak during reheating of rice starch and rice flour
gels. On the other hand, when the samples were stored
in the range from -12 to 20 °C (recrystallization
progressed), Td disappeared due to the decrease of the
plasticizable water in the amorphous region during
recrystallization. Thus, at high temperatures, the for-
mation of Td might be attributed to the decrease of Tg.

Table 1. Avrami Exponents (n) and Time Constants (1/k, Days) of Rice Starch Gels Containing 60% Moisture Content
during Storage at Various Temperatures

storage temp

-20 °C -12 °C 0 °C 4 °C 20 °C

n 1/k n 1/k n 1/k n 1/k n 1/k

nonwaxy 1.08 6.173 1.05 3.817 1.09 2.865 0.99 8.621
waxy 1.09 25.126 1.06 7.559 1.05 3.210 1.05 3.188 1.01 13.643

Figure 8. Arrhenius plot for the recrystallization rate of
nonwaxy and waxy rice starch gels stored at various temper-
atures for 3 days: b, nonwaxy rice starch gel; 9, waxy rice
starch gel.

Table 2. Activation Energies (Ea) and Q10 Values of Rice
Starch Gels Containing 60% Moisture Content during
Storage at Various Temperatures

temp ranges (°C)

below 4 °C above 4 °C

Ea (cal/mol) Q10 Ea (cal/mol) Q10

nonwaxy 2.87 × 103 1.22 -4.92 × 103 1.34
waxy 5.99 × 103 1.52 -7.89 × 103 1.62 Figure 9. Changes of Tgs for nonwaxy (A) and waxy (B) rice

starch gels containing 60% moisture content during storage
at various temperatures: O, 60; 0, 50; 4, 40; 3, 30; ], 20; ",
4; b, 0; 9, -12; and 2, -20 °C.
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The changes of Tgs for both nonwaxy and waxy rice
starch gels prenucleated at 4 °C for 2 days are shown
in Figure 11. The Tg gradually increased in the range
of 30-40 °C, showing the greatest increase at 30 °C,
and there were a little changes of Tgs above 50 °C in
both rice starch gel systems. The results from the
changes of Tgs in the rice starch gel system confirmed
that increasing the degree of recrystallization resulted
in increasing Tg.
The changes of Tgs of both rice starch gels during

storage at various temperatures are shown in Figure
12. The change of Tg was relatively high in the range
of 0-4 °C for the nucleation step and at 30 °C for the
propagation step, corresponding with the results of the
kinetics of recrystallization.
Conclusions. Trends of the recrystallization for

nonwaxy and waxy rice starch gels during storage were
similar, but the degree of recrystallization was greater
in the waxy one. The maximum nucleation occurred at
4 °C, and the maximum propagation was observed at

30 °C in both rice starch gels. The crystallite melting
endotherm was shown in the range of 35-61 °C, but,
in propagation, it shifted to higher temperatures. The
time constants for waxy rice starch gel, calculated from
the Avrami equation, were greater than those for
nonwaxy one, whereas the recrystallization rate of waxy
rice starch gel was slower than that of the nonwaxy one.
The data on the recrystallization rates of both rice
starch gels during 3 days of storage well followed the
Arrhenius relation, and Ea andQ10 values were between
those of cooked rice and bread. The maximum change
of Tg for both rice starch gels was also observed in the
range of 0-4 °C during nucleation and at 30 °C during
propagation. The change of the Tg of nonwaxy rice
starch gel was greater than that of the waxy one. The
results from Tg changes showed that there is a good
relationship between glass transition and recrystalli-
zation in the rice starch gel system.
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