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The rheological and thermal properties of sodium-form gellan gum solutions
with and without sodium chloride, potassium chloride, calcium chloride and
magnesium chloride were studied by dynamic viscoelastic measurement and
differential scanning calorimetry. Temperature dependence of the loss modulus
G" for gellan gum solutions of lower concentrations without salt showed one
step-like change at a certain temperature, however, that for concentrated
gellan gum solutions { >2.0%) showed two step-like changes. The higher
temperature process was attributed to the helix—coil transition, and was found
in between the exothermic and endothermic peak temperatures T and Ty,
observed in cooling and heating DSC curves, while the lower temperature
process was attributed to the sol-gel transition. Temperature dependence of G”
for gellan gum solutions of higher concentrations (> 3.2%) showed a large
hysteresis, moreover, the temperature at which G” showed the second step
decrease in the heating process shifted to higher temperatures with increasing
concentration of gellan gum. The cooling or heating DSC curves for gellan
gum solutions of lower concentrations showed a single exothermic or endo-
thermic peak, and both T, and T, shifted to higher temperatures, and both
exothermic and endothermic enthalpies increased with increasing concentra-
tion of gellan gum. However, for a gellan gum solution with a concentration
higher than 3.2%, two endothermic peaks were observed on heating while the
cooling curve showed only one exothermic peak. The lower temperature
endothermic peak corresponds to the first step decrease of G” in the heating
process, and the higher temperature endothermic peak corresponds to the
second step decrease of G”. The viscoelastic behavior of gellan gum solutions
was influenced much more strongly by divalent cations than by monovalent
cations. DSC heating curves for a 1% gellan gum solution in the presence of
sufficient monovalent cations showed multiple endothermic peaks, however,
these multiple peaks were observed at significantly higher temperatures than
those for a gellan gum solution of high concentration (3.2%) without salts.
The endothermic peaks in the presence of sufficient divalent cations in the
heating DSC curve were too broad to be resolved from the baseline, however,
many small peaks were observed at higher temperatures and the largest endo-
thermic peak was observed at a temperature higher than 100°C. Therefore,
although divalent cations promote the formation of thermally stable junction
zones much more strongly than monovalent cations, the gellan gum gels
containing divalent cations may also consist of physical junction zones of
hydrogen bonds because these junction zones can be unzipped on heating to
120°C. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

The new microbial polysaccharides are of commercial
importance and are produced on a large scale by indus-
trial fermantation, and foremost amongst these are
gellan gum and xanthan gum.

Gellan gum, an anionic polysaccharide produced by
Pseudomonas elodea has a complex tetrasaccharide
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repeating sequence of B-D-glucose, B-D-glucuronic acid,
B-D-glucose and a-L-rhamnose, and it has a carboxyl
side group (Jansson et al., 1983; O’Neill et al., 1983).
This polysaccharide is widely used in the food industry
and biotechnology because it forms a transparent gel
which is resistant to heat and acid when compared to
other polysaccahride gels. The precise gelation proper-
ties depend crucially on the cation present. The gelation
mechanism of gellan gum solutions has been the subject
of some controversy, but it is now accepted that gellan
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gum may undergo a thermally-reversible ordered helix-
coil transition, and the junction zones of gellan gum gels
are formed by aggregation of double helical gellan
molecules (Grasdalen and Smidsrod, 1987; Crescenzi ez
al., 1986, 1988; Dentini et al., 1988; Chapman et al..
1990; Milas et al., 1990; Robinson er af., 1991;
Manning, 1992; Shi, 1990), in a way analogous to the
gelation of carrageenans. Although helix aggregation
and network formation of gellan gum are induced by
the presence of cations, the gelation properties of gellan
gum are related to the nature of the cations; divalent
cations promote the gelation much more strongly than
monovalent cations. Cation type, as well as valency is
also important (Grasdalen and Smidsrod, 1987;
Crescenzi er al., 1986, 1988; Dentini ¢/ al., 1988:
Chapman et al., 1990; Milas er al., 1990; Robinson er
al., 1991; Manning, 1992; Shi, 1990). Previous studies
(Miyoshi er al., 1994a, b) have shown changes in the
rheological and thermal properties of the sodium-form
gellan gum solutions caused by the addition of metal
ions. We have suggested that salts promote the aggre-
gation of helices of gellan gum molecules at lower
temperatures while they reduce coil dimensions of the
gellan gum coil at higher temperatures. It was also
found that in the presence of sufficient divalent cations,
the junction zones formed on cooling below the setting
temperature became more heat resistant and were
different from those of thermoreversible gels formed by
gellan gum alone or in the presence of monovalent
cations.

In the present work, the samples of purified sodium-
form gellan gum were used as in the previous studies
and the rheological and thermal properties of gellan
gum solutions with and without sodium chloride,
potassium chloride, calcium chloride and magnesium
chloride were studied subsequently by dynamic
viscoelastic measurement and differential scanning
calorimetry. The relation between thermal properties
and rheological properties is also discussed in further
detail.

EXPERIMENTAL
Materials

As described in previous studies (Miyoshi e al., 1994a.
b), gellan samples (in powder form) were kindly given
by Kelco Division of Merck & Co. Inc., CA, USA. The
contents of the inorganic ions Nat, K", Ca?' and
Mg** were determined by Kelco as Na® 3.03%, K*
0.19%, Ca’* 0.11% and Mg®>* 0.22%. Salts, NaCl.
KCl, CaCl, and MgCl; used in this study were (Wako
Pure Chemical Industries Ltd, Osaka, Japan), and were
used without further purification.

The powdered sample was dispersed by stirring to
swelling at 40°C overnight. The solutions for viscoelas-

tic studies were prepared by stirring at 70°C for 2h and
then heated at 90°C for 1h to attain complete transpar-
ency. The solutions were then kept at 70°C before each
rheological or thermal measurement to prevent gelation.

The concentration of gellan solutions changed from
0.2 to 4.2% (w/w). For samples containing salts, the
concentration of NaCl or KCl in solutions varied from
5 to 100mM and that of CaCl, or MgCl; ranged from
0.43 to 6.8mM.

Rheological measurement

The rheological measurements were performed using a
Dynamic Stress Rheometer DSR from Rheometrics Co.
Ltd, NJ, USA equipped with parallel plate geometry of
50mm diameter, with radial grooves in order to avoid
gel slippage (Miyoshi ef al., 1994a). The hot sample
solution was poured directly onto the plate of the
instrument. Temperature dependence of G’ and G” at a
frequency of 0.1rad/s was observed by cooling the
systems from 50 to 5°C and then reheating to 60°C, at a
rate of 0.5°C/min. The frequency dependence of G’ and
G" in the range from 1072 to 10" rad/s was observed
after attaining the plateau values of both moduli as a
function of mixing ratio at various temperatures from
30 to 0°C.

DSC measurement

Diffrential scanning calorimetry (DSC) measurements
were carried with a Setaram micro DSC-III calorimeter.
Caluire, France (Miyoshi er al., 1994b). Approximately
900mg of the sample solution was sealed into the DSC
pan hermetically, and then the pan was accurately
weighed. For each sample, a reference pan was filled
with distilled water, to within +30pg of the weight of
the sample pan. The two pans were then placed inside
the calorimeter and heated to 110 or 120°C and kept at
that temperature for 10min to eliminate the effect of
thermal history. Then the temperature was lowered to
5°C at 0.1-0.5°C/min and raised again at the same rate
up to 110 or 120°C.

RESULTS AND DISCUSSION
Rheological properties

Figure 1(A)—(C) shows the temperature dependence of
G’ and G” during the cooling or heating process for 1, 2
and 3% gellan gum solutions without salt at 0.1rad/s at
a cooling or heating rate of 0.5°C/min, and (D)—(F)
shows the frequency dependence of G’ and G” for these
solutions at various temperatures. For a 1.0% solution
of gellan gum (Fig. 1(A)), G’ was too small to be detec-
ted in both cooling and heating processes, however, G
could be detected at temperatures lower than 50°C in
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both cooling and heating processes and showed a step-
like change at 30°C. It was found that the temperature
dependence of G” for gellan gum solutions with a
concentration of lower than 2.0% showed one step-like
change at a certain temperature (not all the data are
shown) corresponding to a transition. As illustrated by
the frequency dependence of both moduli for a 1%
gellan gum solution (Fig. 1(D)), at any temperature
from 30 to 0°C, the viscoelastic behavior was typical of
a dilute polymer solution (Morris et al., 1980; Clark and
Ross-Murphy, 1987; Nijenhuis, 1990; Almdal e al.,
1993; Graessley, 1974). As concluded from the
frequency dependence of both moduli described in a
previous study (Miyoshi ef al., 1994a), at any tempera-
ture from 30 to 0°C, the viscoelastic behaviour of gellan
gum solutions with concentrations lower than 2.0% are
characteristic of a dilute or concentrated polymer solu-
tion. Therefore, the transition observed in the tempera-
ture dependence of G” at concentrations lower than
2.0% should not be attributed to the sol-gel transition,
but may be induced by a coil-helix transition (Nishinari
et al., 1995). This temperature will be written as T,,. At
lower concentrations of gellan gum molecules, the helix
formation and its partial aggregation may form an
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ordered structure, but does not lead to gel formation
because the number of helical aggregates does not give a
continuous network throughout the whole space. The
difference between G" at lower and higher temperatures
provides the midpoint temperature of transition in the
thermal scanning rheological measurements, this was
called the relaxational strength in the previous study
(Nishinari ef al., 1995). The relaxational strength at T,
was shown to increase with increasing concentration of
gellan gum in the present study. However, the thermal
behavior of gellan gum solutions with concentrations
higher than 2.0% showed two step-like changes in the
present study. For a 2.0% gellan gum solution
(Fig. 1(B)), G’ could be detected at 34°C on cooling and
then gradually increased, moreover it also increased
rapidly around 10°C and G’ became significantly larger
than G” at temperatures lower than the cross-over
temperature. G for a 2.0% gellan gum solution showed
two step-like changes at both 35 and 10°C. For a 3.0%
gellan gum solution (Fig. 1(C)), the cross-over of G’ and
G" was observed at 28°C and this temperature was
significantly higher than that for a 2.0% gellan gum
solution (Fig. 1(B)), although the temperature at which
G" showed the first step increase in the cooling process
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Fig. 1. Temperature dependence of the storage modulus G’ and loss modulus G” during a cooling or heating and frequency

dependence of moduli for 1, 2 and 3% gellan gum solutions without salt. Temperature dependence: (O) G, (A) G” cooling; (@) G,

(A) G”, heating; cooling and heating rate, 0.5°C/min; freq. @ =0.1rad/s. Frequency dependence: (QO) G, (@) G”, 30°C; (A) G, (A)
G, 25°C; () G, (M) G, 15°C; (&) G, (@) G, 0°C. Polymer conc.: (A),(D) 1.0%; (B),(E) 2.0%; (C),(F) 3.0%.
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was also slightly higher than that for 2.0% geilan gum
solution. Such a behavior showing two step-like changes
of G" was observed for gellan gum solutions at concen-
trations higher than 2.0% in the present work.

The elastic modulus of gellan gels will increase with
increasing number of elastically active network chains
or with increasing number of junction zones. The two-
step increase in elastic modulus should then be attrib-
uted to the two-step increase in the number of junction
zones. The higher temperature process may be induced
by the helix—coil transition at T}, which corresponds to
the temperature at which G” for gellan gum solutions of
low concentration showed one step-like change, but the
subsequent lower temperature process at which G’ and
G” showed a cross-over may be attributed to the sol-gel
transition. Since the gellan gum solutions whose
concentrations are lower than 2.0% showed a typical
mechanical spectrum for concentrated polymer solu-
tions at any temperature from 30 to 0°C (Miyoshi et al.,
1994a), the transition observed for these solutions
cannot be attributed to a gel-sol transition, but to a
helix—coil transition, as mentioned above. However, as
shown in the frequency dependence of both moduli
(Fig. 1(E)), the viscoelastic behavior for a 2.0% gellan
gum solution is typical of a dilute solution at 30°C and
is typical of a concentrated polymer solution at 25 or
15°C, however the behavior changed to that of a weak
gel at 0°C. For a 3.0% gellan gum solution (Fig. 1(F)),
although the viscoelastic behavior remained typical of a
concentrated solution at 30°C, the behavior tended
towards that of a weak gel at temperatures lower than
the cross-over temperature of both moduli (27°C).
Therefore, in concentrated solutions (>2.0%), where
the number of aggregates of helices exceeds a critical
value on cooling, the rheological behaviour changes
from sol-to-gel, and this appears as the second step
increase in G” shown in this figure. However, it is
worthy of note that the temperature at which G’
becomes larger than G” was slightly lower than the
temperature at which G” shows the second step increase.
Hence, G” for a 1.9% gellan gum solution (data not
shown) showed the second step increase around 8°C in
the cooling process, however G” remained slightly larger
than G' down to 5°C. For the case of the frequency
dependence of both moduli (data not shown), the
viscoelastic behavior for a 1.9% gellan gum solution
was typical of a dilute solution at 10°C, and was typical
of a concentrated polymer solution at 5°C, however, the
behavior changed to that of a weak gel at 0°C. There-
fore, the cross-over temperature of G' and G” may be
assigned to a sol-gel transition temperature, and the
temperature will be written as 7,. As shown in this
figure, it was suggested that both T} corresponding to
the helix—coil transition and T, corresponding to the
sol-gel transition shifted to higher temperatures with
increasing concentration of gellan gum.

Figure 2(A)HC) shows the temperature dependence

of G’ and G” during the cooling or heating process for
3.2, 3.3 and 3.5% gellan gum solutions without salt at
0.1rad/s at a cooling or heating rate of 0.5°C/min. The
thermal behavior for a 3.2% gellan gum solution
(Fig. 2(A)) was evidently distinguished from that for
gellan gum solutions with a concentration lower than
3.2% (Fig. 1); G" showed a two-step increase at both 40
and 33.1°C in the cooling process, however it showed a
two-step decrease at 39.1 and 48°C in the heating
process, which indicated that the thermal hysteresis was
greatly modified compared to that for gellan gum solu-
tions with concentrations lower than 3.2%. Moreover,
the temperature at which G” showed the first step
decrease in the heating process almost coincided with
the lower endothermic peak temperature in the heating
DSC curve, and the temperature at which G” showed
the second step decrease almost coincided with the
higher temperature endothermic peak, as will be discus-
sed later. For a 3.5% gellan gum solution (Fig. 2(C)),
G" showed a one-step increase at 40°C in the cooling
process, in other words, Ty, corresponding to the helix-
coil transition and T, corresponding to the sol-gel
transition were observed at the same temperature.
Therefore, this suggested that the coil-helix transition
occurs concurrently with the sol-gel transition since the
number of helices formed on cooling is enough to form
a three-dimensional network throughout the whole
space. Although G” for a 3.5% gellan gum solution
showed a two-step decrease in the heating process, the
temperature where it showed the first step decrease was
almost equal to that for a 3.2 or 3.3% gellan gum solu-
tion (Fig. 2(A) or (C)), but the temperature at which it
showed the second step decrease significantly shifted to
higher temperatures with increasing concentration of
gellan gum. Moreover, the relaxational strength at the
temperature of the first step decrease in the heating
process decreased but that at the temperature of the
second step decrease increased with increasing concen-
tration of gellan gum.

As found in the frequency dependence of both
moduli, the viscoelastic behavior for a 3.2, 3.3 or 3.5%
gellan gum solution tended towards that of a weak gel
at any temperature from 30 to 0°C (data not shown).

Figure 3(A)~(C) shows the temperature dependence
of G’ and G" during the cooling or heating process for a
1.0% gellan gum solution containing KCI of various
concentrations at 0.1rad/s at a cooling or heating rate of
0.5°C/min, and (D)-(F) shows the frequency depen-
dence of both moduli for these solutions at various
temperatures. As shown in the temperature dependence
of both moduli for a 1% gellan gum solution containing
SmM KCl (Fig. 3(A)), G" showed a step-like change
around 32°C and this temperature was slightly higher
than that for a gellan alone (Fig. 1(A)). The viscoelastic
behavior was typical of a dilute polymer solution at any
temperature for a 1% gellan gum solution containing
S5mM KClI as shown by the frequency dependence of
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Fig. 2. Temperature dependence of the storage modulus G’ and loss modulus G” during a cooling or heating process for 3.2, 3.3
and 3.5% gellan gum solutions without salt. (O) G', (A) G”, cooling; (@) G, (A) G”, heating; cooling and heating rate: 0.5°C/min;
freq. ®=0.1rad/s; polymer conc.: (A) 3.2%; (B) 3.3%; (C) 3.5%.

both moduli (Fig. 3(D)). On addition of 10mMm KCI
(Fig. 3(B)), G’ began to be detected around 30°C during
cooling and then increased gradually, moreover, the
cross-over of G' and G” was observed around 8°C and
then G' became slightly larger than G at lower
temperatures than the cross-over temperaure. G' upon
addition of 10mM KCl showed two step-like changes at
both 33 and 22°C, indicating two thermal transitions,
however, the lower transition temperature at which G”
drastically changes was significantly higher than the
cross-over temperature. In the case of gellan gum solu-
tions without salt, although G” for gellan gum solutions
whose concentrations are lower than 2.0% showed two
step-like increases, the higher temperature process
corresponded to the helix—coil transition (7}.) and the
lower temperature process almost coincided with that of
the sol-gel transition (7). The temperature at which
G" showed the first step increase on cooling, corre-
sponded to the helix—coil transition (73.) for a gellan
gum solution containing salts, however, the temperature
at which it showed the second step increase should not
be attributed to that of the sol-gel transition. As shown
in the frequency dependence of both moduli for a 1%
gellan gum solution in the presence of 10mMm KCl
(Fig. 3(D)), the viscoelastic behavior was typical of a
dilute solution at 30 or 25°C and was typical of a
concentated polymer solution at 15°C, however the
behavior at 0°C changed to that of a weak gel. Thus, it
seems that a certain ordered structure was formed by
the addition of KCl at the temperature at which G”
showed the second step increase in the cooling process
following the helix—coil transition, however, this transi-
tion does not produce enough aggregates to reach the
gel state. Therefore, the cross-over temperature of G'
and G” may be attributed to the sol-gel transition
temperature (7). It was found that the difference
between the first and second step increase in G” with
temperature decreased and the cross-over temperature
of both moduli shifted to higher temperatures with

increasing concentration of KCl. In the case of the
temperatrue dependence of both moduli upon addition
of 30mM KCl (Fig. 3(F)), G’ during the cooling process
began to be detected at 37°C and then became signifi-
cantly larger than G”, while it decreased monotonically
with increasing temperature during the heating process,
and eventually, it became too small to be detected at
43°C. This indicated that thermal hysteresis was
significant. G” in the presence of 30mM KCl showed a
one step-like increase at 40°C in the cooling process,
however, it showed a two-step decrease at both 40 and
43°C in the heating process. In the case of the frequency
dependence of both moduli for a 1% gellan gum solu-
tion containing 30mM KCl, the viscoelastic behavior
tended towards that of a weak gel even at a relatively
higher temperature such as 30°C. Moreover, the values
of G’ and G" in the presence of 30mM KCl at lower
temperatures were significantly larger than those for 2
or 3% gellan gum solution without salt (Fig. 1(E) and
(F)), which confirmed that the rheological properties of
gellan gum solutions were influenced strongly by sait.
The effect of NaCl on viscoelasticity of gellan gum
solutions was almost similar to that of KCl, however
KCl influences the viscoelastic behavior of gellan gum
solutions more effectively than NaCl. This reason is
interpreted on the basis that cations such as Na* are
the structure ordering ions for water, and cations such
as K* belong to the structure disordering ions (Hinton
and Amis, 1971; Uedaira and Ohsaka, 1990) as descri-
bed in the previous study (Miyoshi et al., 1994a).
Figure 4(A){(C) shows the temperature dependence
of G’ and G” during the cooling or heating process for a
1.0% gellan gum solution containing CaCl, of various
concentrations at 0.1rad/s at a cooling or heating rate of
0.5°C/min, and (D)(F) shows the frequency depen-
dence of both moduli for these solutions at various
temperatures. The viscoelastic behaviour of gellan gum
solutions was influenced much more strongly by diva-
lent cations than by monovalent cations. In the
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Fig. 3. Temperature dependence of the storage modulus G and loss modulus G” during a cooling or heating process for a

1.0% gellan gum solution containing NaCl of various concentrations. Temperature dependence: (Q) G'(A) G”.

cooling;

(@) G, (A) G", heating; cooling and heating rate. 0.5'C/min: freq. ®=0.1rad/s. Frequency dependence: (O) G, (@) G,

30°C; (A) G, (A) G",25°C: () G, (M) G". 15°C: ()

G, (&) G", 0°C. KCl conc.: (A),(D) SmM; (B).(E) 10mM:; (C),(F)

30mm.

temperature dependence of both moduli for a 1% gellan
gum solution containing 0.85mM CaCl; (Fig. 4(A)). Ty
slightly shifted to higher temperatures compared to that
for a gellan alone (Fig. 1(A)). The frequency depen-
dence of both moduli for this solution (Fig. 4(D)) was
typical of a dilute solution at any temperature from 30
to 0°C. In the temperature dependence of both moduli
upon addition of 1.5mMm CaCl, (Fig. 4(B)). T, was
observed around 7°C, and thermal hysteresis was
showed in this solution. In the frequency dependence of
both moduli for this solution (Fig. 4(E)). the viscoelas-
tic behavior remained typical of a dilute solution at any
temperature higher than 7°C (Ty), however, the beha-
vior changed typical of a weak gel at 0°C, which corre-
sponded well with that in the temperature dependence
of both moduli. The temperature dependence of both
moduli in the presence of 2.04mM CaCl, (Fig. 4C)) was
markedly different; G” increased rapidly and G’ began
to be detected at 33°C in the cooling process, however,
there was no evidence for a transition on heating up to
60°C. In the case of added sufficient monovalent cations
(Fig. 3(C)), although the temperature at which G’ and

(" increased rapidly was significantly higher than that
in the presence of 2.04mM MgCl,, these junction zones
formed in the presence of sufficient monovalent cations
were completely melted on heating to 50°C. Therefore,
the thermal behavior in the presence of divalent cations
was obviously different from that without salts or in the
presence of monovalent cations, as illustrated by the
DSC measurement described later. In the case of the
frequency dependence of both moduli upon addition of
2.04mM CaCl, (Fig. 4(F)), the viscoelastic behavior
tended towards that of an elastic gel (Morris, 1982;
Clark and Ross-Murphy, 1987; Nijenhuis, 1990; Almdal
et al., 1993) even at a relatively high tempeature such as
30°C.

The effect of MgCl, on the viscoelasticity of gellan
gum solutions was almost similar to that of CaCl,.
however CaCl, can influence the viscoelastic behavior
of gellan gum solutions more effectively than MgCl,.

The carboxyl side groups in gellan gum molecules
repulse each other by electrostatic interaction, and this
hinders the tight binding of helices and also the tight
aggregation of helices (Grasdalen and Smidsrod, 1987;
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Fig. 4. Temperature dependence of the storage modulus G' and loss modulus G” during cooling or heating process for a 0.8%

gellan gum solution containing MgCl, of various concentrations. Temperature dependence: (O) G, (A) G', cooling; (@) G, (A)

G", heating; cooling and heating rate, 0.5°C/min; freq. ©=0.1rad/s. Frequency dependence: (O) G, (@) G”, 30°C; (A) G, (&) G,
25°C; () G, (M) G, 15°C; (O) G, (@) G", 0°C. CaCl, conc.: (A),(D) 0.85mM; (B),(E) 1.7mM; (C),(F) 2.04mM.

Crescenzi et al., 1986, 1988; Dentini et al., 1988;
Chapman et al., 1990; Milas et al., 1990; Robinson et
al., 1991; Manning, 1992; Shi, 1990), so that the intro-
duction of cations can shield the electrostatic repulsion
and thereby permit tight binding and aggregation of
helices at lower temperatures or lead to the reduction of
coil dimensions at higher temperatures (Morris et al.,
1980; Kobayashi ez al., 1994). It was suggested that the
influence of cations on the viscoelastic behavior of
gellan gum solutions was more remarkable for K * than
Na™, and for Ca®* than Mg?* as in the previous study
(Miyoshi et al., 1994a) and divalent cations were more
effective than monovalent cations as shown in Figs 3
and 4.

DSC

Figure 5 shows cooling and heating DSC curves of
gellan gum solutions of various concentrations without
salt at a cooling or heating rate of 0.5°C/min.

The cooling curve for a 1% gellan gum solution
without salt showed a single exothermic peak at 29.0°C,
and the heating curve showed a single endothermic peak
at 30.5°C. The cooling curve for a 2.0% gellan gum

solution showed a main exothermic peak at 33.9°C and
another small peak at 95°C while the heating curve
showed only a main endothermic peak at 35.4°C. As
shown in the rheological measurement, G” for a 2.0%
gellan gum solution showed two step-like changes at
both 35 and 10°C. Although the subsequent lower
temperature process at which G' and G” showed a cross-
over may be attributed to the sol-gel transition, this
transition around 10°C was not observed in the DSC
measurement. Therefore, at a low concentration of
gellan gum, these exothermic and endothermic peaks
seem to be attributed to the helix—coil transition of
gellan gum molecules and the subsequent aggregation of
these helices (Nishinari et al., 1995). Both exothermic
peak temperature T, and endothermic peak temperature
T shifted to higher temperatures and both exothermic
and endothermic enthalpies increased with increasing
concentration of gellan gum, which corresponds well
with rheological results. Moreover, the temperature Ty,
corresponding to the helix—coil transition in the rheolo-
gical measurement; was found to be in between the
exothermic and endothermic peak temperatures 7, and
T observed in cooling and heating DSC curves (Figs
1-2 and 5). However, for solutions of concentrations
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higher than 3.2%, the heating curve showed two endo-
thermic peaks, while the cooling curve showed a main
exothermic peak and other smaller exothermic peaks at
higher temperatures. It is clear that the lower tempera-
ture endothermic peak corresponds to the first step
decrease in G’ observed on heating of rheological
measurement, and the higher temperature endothermic
peak corresponded with the second step decrease of G".
Moreover, as illustrated in this figure, the enthalpy
determined from the lower temperature endothermic
peak decreased with increasing concentration of gellan
gum, and in contrast, the enthalpy determined from the
higher temperature endothermic peak increased with
increasing concentration of gellan gum, which was in
good agreement with the temperature dependence of
elastic moduli shown above (Fig. 2(A)~{C)). It was thus
considered that gellan gum solutions whose concentra-
tions were higher than 3.2% formed the gel network
containing thermally-stable junction zones. Manning
(1992) suggested that the lower temperature peak may
be caused by the melting of unaggregated helices while
the higher temperature peak may be caused by the
melting of aggregated helices. However, our interpreta-
tion is different from theirs.

We propose the following interpretation for the
rheological and thermal results for gellan gum solutions
without salts, as outlined schematically in Fig. 6. In the
cooling process, although the individual helices of gellan
gum molecules were formed at a certain temperature
and then these helices gradually aggregated with
decreasing temperature, at a lower concentration of
gellan gum, the helix formation and its partial aggrega-
tion may form a certain ordered structure, but does not
lead to gel formation, so that the temperature depen-
dence of loss modulus for these solutions showed one
step-like change at the coil-helix transition temperature
T.n- However, for concentrated gellan gum solutions

(a) (B)
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Fig. 5. Cooling (A) and heating (B) DSC curves for gellan

gum solutions of various concentrations without salt. Figures

beside each curve represent the concentration of gellan gum.
Cooling and heating rate: 0.5°C/min.

{>2.0%) where the number of aggregates of helices
exceeds a critical value on cooling, the rheological
behavior changes from sol-to-gel, and this appears as
the second step increase of G” at the sol-gel transition
temperature T, In the case of concentrated gellan gum
solutions at concentrations lower than 3.2%, the first
step increase of G” in the cooling process (a) almost
coincided with the second step decrease of G” in the
heating process (d), and the second step increase of G”
in the cooling process (b) almost coincided with the first
step decrease of G” in the heating process (c). With a
more progressive increase of concentrations of gellan
gum, the individual helices were formed and immedi-
ately the aggregation of helices occurred in the cooling
process, so that for 3.5% gellan gum solution, G”
showed a one-step increase in the cooling process, as
shown in the rheological measurement (Fig. 2(C)).
However, in the heating process, the temperature
dependence of G” for concentrated gellan gum solutions
whose concentrations were higher than 3.2% showed a
larger hysteresis, and these solutions showed two endo-
thermic peaks in the heating DSC curve. Therefore, in
the heating process, the lower temperature process may
be caused by the separation of the aggregated helices
into single helices, while the higher temperature process
may be induced by the helix—coil transition. It was
concluded from both rheological and thermal results
that for gellan gum solutions with a concentration
higher than 3.2%, the conformational transition
temperatures in the heating process did not coincide
with those in the cooling process.

Figure 7 shows cooling and heating DSC curves of a
3.2% gellan gum solution without salt and of a 1%
gellan gum solution with 75mM NaCl and a cooling or
heating rate of 0.5°C/min. In the previous study
{Miyoshi et al., 1994b), we found that in the presence of
a small amount of monovalent cations, the DSC heating
curves showed a single endothermic peak, however, on
further addition of salt, they gradually developed
bimodal character and eventually were split into multi-
ple peaks, although the DSC cooling curves showed a
single exothermic peak in all cases. In terms of a zipper
model approach (Nishinari ef al., 1990), the appearance
of two or more endothermic peaks in the heating DSC
curves for gellan gum solutions in the presence of suffi-
cient salt suggests that the zippers with different bond-
ing energies or different rotational freedoms are formed
in the presence of sufficient metal ions. The lower
temperature endothermic peak is attributed to the
melting of the zippers with lower bonding energies or
with higher rotational freedoms while the higher
temperature endothermic peak corresponds to the melt-
ing of zippers with higher bonding energies or lower
rotational freedoms. In the absence of salts, the gellan
gum solutions whose concentrations were higher than
3.2% showed two endothermic peaks in the heating
DSC curve, therefore, it was suggested that the gellan



Rheological and thermal studies of gel-sol transition 117

the coil-helix transition

(a)
— —
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Fig. 6. Schematic representation of the structure of gellan gum, showing various processes during cooling or heating process. (a)

The first step increase of G” in the cooling process, (b) the second step increase of G” in the cooling process, (c) the first step

decrease of G” in the heating process = the lower temperature process in the heating DSC curve, (d) the second step increase of G” in
the heating process = the higher temperature process in the heating DSC curve.
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Fig. 7. Cooling and heating DSC curves for a 3.2% gellan
gum solution without salt and of a 1% gellan gum solution
with 75SmM NaCl. Cooling and heating rate: 0.5°C/min.

gum solutions of high concentrations formed ordered
stuructures involving thermally-stable junction zones as
in the case of added salt. However, as shown in this
figure, it is clearly demonstrated that these multiple
endothermic peaks for a 1% gellan gum solution in the
presence of suffifient monovalent cations were observed

at significantly higher temperatures than those for a
gellan gum solution with high concentration (3.2%)
without salt. Moreover, the exothermic and endother-
mic enthalpies for a 1% solution with 7SmM NaCl were
estimated as 13.4 and 21.8J per gram of gellan gum,
while those for a 3.2% gellan gum solution without salt
were estimated as 12.4 and 11.9) per gram of gellan
gum. Although the aggregation of gellan gum molecules
was promoted with increasing concentration of both
polymer and added salt, in the absence of salts, the
carboxyl side groups in gellan gum molecules repulse
each other by electrostatic interaction, and this hinders
the tight binding of helices and also the tight aggrega-
tion of helices. However, the presence of cations can
shield the electrostatic repulsion and thereby permit
tight binding and aggregation of helices.

In the previous study (Miyoshi et al., 1994b), we
found that the thermal behavior of gellan gum solutions
in the presence of divalent cations was markedly differ-
ent from that in the presence of monovalent cations. In
the presence of divalent cations, T, shifted to higher
temperatures with increasing concentration of CaCl,,
and the exothermic and endothermic enthalpies esti-
mated for a main peak increased up to a certain
concentration of salt and then decreased. However, in
addition to a main peak, many other peaks were
observed, especially at higher temperatures, with
increasing concentration of salt. Moreover, the endo-
thermic peaks in the heating DSC curve for gellan gum
solutions in the presence of sufficient divalent cations
were too broad to be resolved from baseline, however,
in contrast, the main exothermic peak in the cooling
DSC curve was much sharper and readily recognized.
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Fig. 8. Cooling and heating DSC curves for 1% gellan gum

solutions containing CaCl, of various concentrations. Figures

beside each curve represent the concentration of CaCl,. Cool-
ing and heating rate: 0.5°C/min.

The detailed experiments in the previous study (Miyoshi
et al., 1994b) suggested that geilan gum solutions with
sufficient divalent cations form firm gels on cooling to
below the setting temperature, and these gels became
more heat resistant, i.e. a heating DSC curve did not
show a clear endothermic peak. This behavior was very
different from that of thermoreversible gels formed by
gellan gum alone or in the presence of monovalent
cations. Hence, although the cooling DSC curve in the
presence of sufficient divalent cations showed a main
exothermic peak around 35°C, the various junction
zones did not seem to be unzipped completely on heat-
ing below 100°C. In the present study, DSC curves were
obtained by cooling and heating samples between 120
and 5°C (Fig. 8). For a 1% gellan gum solution in the
presence of 6.8mM CaCl,, many small peaks were
observed especially at higher temperatures in the heat-
ing DSC curve and the largest endothermic peak was
observed at 105.2°C. Therefore, although both 7, and
Ty, shifted to higher temperatures with increasing
concentration of divalent cations, it seemed that in the
presence of sufficient divalent cations, the main endo-
thermic peak shifted to a temperature higher than
100°C. It was, moreover, suggested that sufficient diva-
lent cations induced unhomogenization of gellan gum

solutions, so that the network of gellan gum gels
containing divalent cations was formed by various
junction zones with different thermal stabilities.
However, although divalent cations promote the
formation of thermally stable junction zones much more
strongly than monovalent cations, the gellan gum gels
containing divalent cations may also consist of the
physical junction zones by hydrogen bonds because
these junction zones can be unzipped on heating to
120°C. Some workers (Manning, 1992; Tutsumi er «l.,
1993) have suggested that divalent cations may make
cross-links by ionic bonds, so that those can form
thermo-irreversible gels involving specific cation—poly-
anion interaction in addition to ion-specific charge
screening effects. However, the possibility of the forma-
tion of ionic bonds by divalent cations in gellan gum
molecules may be excluded because gellan gum gels in
the presence of divalent ions melted completely on
heating up to 110°C as mentioned above. The bond
energy for ionic bonds or covalent bonds is far higher
than that for hydrogen bonds or for hydrophobic inter-
actions. Indeed, more detailed studies based on other
methods to describe the phenomena at the molecular
level are required.
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