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Interaction between gellan gum (GELL) and konjac glucomannan (KGM) has
been studied by dynamic viscoelastic measurements and differential scanning
calorimetry (DSC). Three fractions of konjac glucomannan with different
molecular weights (1.17 x 10® (ND), 9.5 x 10° (LM-1) and 2.51 x 10° (LM-2))
were used in this study. Mechanical spectra showed that 1.6% solutions of GELL
alone and of LM-2 alone behaved like a dilute polymer solution whilst 1.6%
solutions of ND alone and LM-1 alone behaved like a concentrated polymer
solution where molecular entanglements play an important role. Thermal
scanning rheological measurements showed a step-like change in the loss
modulus which is attributed to helix-coil transition, and subsequent aggregation
of helices, and an exothermic and endothermic peak appeared in cooling and
heating DSC curves at the same temperature of transition. The transition
temperature shifted to lower temperatures, and the transition enthalpy decreased
with increasing KGM content in the mixture. The elasticity of mixtures originates
mainly from aggregated helices of gellan gum molecules for GELL/LM-2 systems
whilst the contribution from KGM is more important for GELL/LM-1 and
GELL/ND systems. Although the storage modulus of GELL/LM-I and GELL/
LM-2 as a function of mixing ratio showed a maximum, it is concluded that
KGM inhibit the formation of the ordered structure of gellan gum. Copyright ©

1996 Elsevier Science Ltd

INTRODUCTION

Many polysaccharides have found widespread applica-
tions in the food industry because they form viscous
solutions and gels which are extremely useful in the
texturing of foodstuffs. The addition of galactomannan
to certain polysaccharides (like agarose or x-carragee-
nan) is known to improve mechanical properties and
reduce brittleness or syneresis of the polysaccharide gel
(Morris, 1986). The synergistic effects between galacto-
mannan and these polysaccharides lead to gels with
increased elasticity and strength under conditions where
the pure components would not gel. Admixtures of
galactomannan and xanthan also form gels despite the
fact that they neither form gels independently.

The mechanism of gelation of these mixtures has been
the subject of much interest since early studies (Dea &
Morrison, 1975; Dea, 1979) and is a matter of debate
and several models have been proposed (Cairns et al.,
1986; 1987; Brownsey et al., 1988; Tako and Nakamura,
1986; Fernandes et al., 1991; Rochas et al., 1990;
Williams et al., 1991; Cheetham and Mashimba, 1988;
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1991; Shatwell et al., 1991; Turquois et al., 1992,
Fernandes ez al., 1992; Williams et al., 1993; Kohyama
et al., 1993). Three different types of gel structures in
these mixed gels have been defined if both poly-
saccharides contribute to the network; (i) interpenetrat-
ing network; (i) a phase-separated network; (iii) the
binding of one polysaccharide to the other to form a
coupled network defined by specific junction zones
(Morris, 1986). The model for gelation of the mixture
postulated interaction between the helical structure of
the carrageenan or agarose and the unsubstituted
mannan regions, the so-called ‘smooth region’ of galac-
tomannan chains (Dea & Morrison, 1975; Dea, 1979).
X-ray diffraction studies, however, did not provide
evidence for a specific interaction or evidence of
mannan/k-carrageenan complexation, and it was
suggested that the most likely model for such gels
consists of a galactomannan solution contained within a
carrageenan network (Cairns et al, 1986, 1987,
Brownsey et al., 1988). These workers also suggested,
however, that it was possible that other mannan chains
adsorbed onto large aggregates of helices and Williams
et al. (1993) provided further support for this. Recently,
Kohyama et al. (1993) carried out rheological and DSC
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studies on the gelation of konjac glucomannan/carra-
geenan mixtures using three konjac glucomannan frac-
tions with different molecular weights. The elastic
modulus at small deformation, the breaking stress and
breaking strain of mixed gels increased with increasing
molecular weight of konjac glucomannan, however, the
gel-sol transition temperatures were not influenced so
much by the molecular weight of konjac glucomannan.
From these results, another new model was proposed; a
main network of the mixture is formed by carrageenan
molecules, and konjac glucomannan molecules interact
with carrageenan molecules and form weak junction
zones which contribute to the elasticity, but not so much
to thermal stability.

Gellan gum, an anionic polysaccharide produced by
Pseudomonas elodea has a complex tetrasaccharide
repeat unit (Jansson et al., 1983; O’Neill ez al., 1983)
and forms a transparent gel in the presence of cations,
via a helical intermediate (Grasdalen & Smidsrod, 1987;
Crescenzi et al., 1986; 1987; Dentini er al., 1988;
Chapman et al., 1990; Milas et al., 1990; Robinson et
al., 1991; Manning, 1992; Shi, 1990), in a way analogous
to the gelation of carrageenans. Junction zones of gellan
gum gels are formed by the aggregation of double heli-
cal gellan molecules, and are controlled by the thermo-
dynamic properties of the systems (temperature,
cations, solubility of polymer) (Crescenzi et al., 1986;
1987; Dentini et al., 1988; Chapman et al., 1990; Milas
et al., 1990; Robinson et al., 1991; Manning, 1992; Shi,
1990). Previous studies (Miyoshi ez a/., 1994a, b) have
shown the changes in rheological and thermal properties
of sodium form gellan gum solution caused by the
addition of metal ions. We have suggested that salts
promote the aggregation of helices of gellan gum mole-
cules at lower temperatures whilst they reduce the coil
dimension of gellan gum molecules at higher tempera-
tures. It was also found that the mechanism of gel
formation in geilan gum in the presence of divalent
cations is markedly different from that in the presence
of monovalent cations. In the presence of sufficient
divalent cations, these junction zones formed on cooling
below the setting temperature became more heat resis-
tant, which were very different from those of thermo-
reversible gels formed by gellan gum alone or in the
presence of monovalent cations.

Konjac glucomannan (KGM) is a glucomannan
obtained from the tuber of Amorphophallus konjac
K.Koch (Nishinari ef al., 1992), and forms a thermally-
stable gel on the addition of alkaline coagulant. This gel
has been used in Japanese traditional foods (Nishinari,
1988). Recently, the interaction of KGM with other
hydrocolloids such as xanthan and x-carrageenan has
been studied (Dea, 1979; Cairns et al., 1986, 1987,
Brownsey er al., 1988; Williams er al., 1991, 1993;
Kohyama et al., 1993; Annable, 1994a). It was shown
that the xanthan/KGM mixtures form thermoreversible
gels at neutral pHs although neither KGM alone nor

xanthan alone form a gel at neutral pHs. In the present
work, the rheological and thermal properties of gellan
gum/konjac glucomannan mixtures were studied by
dynamic viscoelastic measurement and differential
scanning calorimetry in order to elucidate the mechan-
ism of interaction.

MATERIALS AND METHODS
Materials

As described in previous studies (Miyoshi ef al., 1994a,
b). gellan samples (in powder form) were kindly
supplied by Kelco Division of Merck & Co. Inc., Cali-
fornia, USA. The contents of the inorganic ions Na ™,
K*, Ca’* and Mg?>* were determined by Kelco using
an Inductively Coupled Argon Plasma Emission Spec-
trophotometer (ICP) as Na* 3.03%, K" 0.19%, Ca*”"
0.11% and Mg** 0.02%, respectively.

The non-degraded native konjac glucomannan (ND)
and two fractions of konjac glucomannan with different
molecular weights (LM-1 and LM-2), prepared by
enzymatic degradation, were kindly supplied by
Shimizu Chemical Co., Hiroshima, Japan. The mole-
cular weights of the sample fractions determined by the
same method in a previous work (Kohyama et al., 1993)
were 1.17 x 10% (ND), 9.5 x 10° (LM-1) and 2.51 x 10°
(LM-2). Man/Glc ratio estimated from the peak area
detected with a refractive index did not depend so much
on the molecular weight of KGM, and was about 2.0.

Solutions of gellan gum/konjac glucomannan at
various ratios were prepared by mixing the appropriate
amounts of each powder and dispersed by stirring at
40°C overnight. The total polysaccharide concentration
was fixed at 1.6% (w/w) and the gellan gum/konjac
glucomannan ratio was changed. The solutions of
mixtures for viscoelastic and DSC studies were prepared
by stirring at 70°C for 2h and then heated at 90°C for 1h
to attain complete transparency as described in previous
studies (Miyoshi et al., 1994a, b). The solutions of
mixtures were then kept at 70°C before each rheological
and DSC measurement to prevent gelation.

Rheological measurements

The mechanical spectra measurements were performed
with a Dynamic Stress Rheometer DSR from Rheo-
metrics Co. Ltd, NJ, USA at various temperatures. All
the measurements were performed within the linear
viscoelastic regime. The details of rheological measure-
ments were described previously (Miyoshi et al., 1994a).
The frequency dependence of the storage modulus G’
and loss modulus G” at a frequency range from 1072 to
10'rad/s was observed after attaining the plateau value
of both moduli as a function of time at various
temperatures from 30 to 0°C. The storage modulus G’
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as a function of mixing ratio at various concentrations
was determined by values of G’ at 1.0 rad/s in frequency
sweep measurements (107 ~ 10! rad/s) at various
temperatures. Temperature dependence of G’ and G”
was observed by cooling the systems from 50 to 5°C and
then reheating to 50°C, at the rate of 0.5°C/min, at a
constant frequency of 0.1rad/s.

DSC measurements

Differential scanning calorimetry (DSC) measurements
were carried out using a Setaram micro DSC-III calori-
meter, Caluire, France. The details of DSC measure-
ments were described previously (Miyoshi et al., 1994b).
The sample and reference pans were placed inside the
calorimeter and heated to 110°C and kept for 10 min to
ensure the mixture was in the form of a homogeneous
solution. Then the temperature was lowered to 5°C at
0.5°C/min and raised again at the same rate up to
110°C. Finally, the temperature was scanned up and
down at a preset rate, and the enthalpy profiles were
recorded.

RESULTS AND DISCUSSIONS
Rheological properties

Figure 1 shows the frequency dependence of G’ and G”
for a 1.6% solution of gellan gum alone. At any
temperature from 30 to 0°C, the viscoelastic behavior
was typical of a dilute polymer solution, i.e. G'<G"
throughout the accessible frequency range, and both G’
and G” were strongly frequency dependent (Morris,
1982, Clark & Ross-Murphy, 1987; Te Nijenhuis, 1990).

Figure 2 shows the frequency dependence of G’ and
G" for mixtures of gellan gum (GELL) and ND (total
polysaccharide concentration 1.6%) with various
mixing ratios and at various temperatures. For a
mixture with GELL/ND=1.4/0.2 (Fig. 2 (A)), the
behavior at 0°C was typical of a concentrated polymer
solution, i.e. G’ was smaller at lower frequencies but
became larger than G” at higher frequencies. The
frequency dependence of G’ and G” for concentrated
polymer solution has been explained as follows: the
entanglement of molecular chains are easy to disen-
tangle during the long period of oscillation at low
frequencies, and therefore the solution behaves as a
viscous fluid; the molecular chains do not disentangle
during the short period of oscillation at high frequen-
cies, and their entanglement plays a role of knots and
forms a temporary three-dimensionai network, and as a
result the solution behavior tends to that of an elastic
solid (Morris, 1982; Clark & Ross-Murphy, 1987; Te
Nijenhuis, 1990). At 15, 25, and 30°C, it showed a typi-
cal dilute polymer solution behavior where G” predo-
minates G’ at all the frequencies. Mixtures with GELL/
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Fig. 1. Frequency dependence of storage modulus G’ and loss

modulus G” for a 1.6% solution of gellan gum alone at

various temperatures. (O) G', (@) G”, 30°C; (A) G, (A) G”.
25°C; () G, (M) G, 15°C; (0) G, (#). G", 0°C.

ND=1.0/0.6 (Fig. 2(B)), 0.6/1.0 (Fig. 2(C)), and a 1.6%
solution of ND alone (Fig. 2(D)) showed similar
tendencies, but the cross-over frequency observed at
0°C shifted to lower frequencies with increasing content
of ND. G’ and G” of the 1.6% solution of ND alone is
least frequency dependent and least temperature depen-
dent. The temperature dependence was most conspic-
uous at lowest frequencies, and the difference between
G’ and G” at 0 and 30°C increased with increasing
content of gellan gum, indicating that this is induced by
the conformational change of gellan molecules and that
the conformation of ND is not changed so much at this
temperature range. This will be discussed later in more
detail in the light of the thermal scanning rheological
measurements.

Figure 3 shows the frequency dependence of G’ and
G" for mixtures of gellan gum (GELL) and LM-1 (total
polysaccharide concentration 1.6%) with various
mixing ratios and at various temperatures. For a
mixture with GELL/LM-1=1.4/0.2 (Fig. 3(A)), the
behavior at 30 or 25°C was typical of a dilute solution,
however, the behavior at 15°C was typical of a concen-
trated polymer solution because G’ approached G” at
higher frequencies, and in fact, G’ and G” actually
showed a cross-over at a relatively high frequency. The
behavior at 0°C was also typical of a concentrated
polymer solution and the cross-over frequency was
lower than that at 15°C. The behavior of a mixture with
GELL/LM-1=1.0/0.6 (Fig. 3(B)) showed a similar
tendency to that of a mixture with GELL/LM-1=1.4/
0.2 (Fig. 3(A)). For a mixture with GELL/LM-1=0.6/
1.0 (Fig. 3(C)), the behavior even at 30 or 25°C was
typical of a concentrated polymer solution, moreover,
the behavior at 15 or 0°C tended towards that of a weak
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Fig. 2. Frequency dependence of storage modulus G' and loss modulus G” for GELL/ND mixtures (total polysaccharide concen-
tration 1.6%) with various mixing ratios at various temperatures. (Q) G, (@) G”, 30°C; (A) G, (A) G”, 25°C; (O) G, (W) G”,
15°C; (©) G, (), G”, 0°C; mixing ratios of GELL/ND: (A) 1.4:0.2, (B) 1.0:0.6, (C) 0.6:1.0, (D) 0.0:1.6.

gel (Morris, 1982; Clark & Ross-Murphy, 1987; Te
Nijenhuis, 1990; Almdal ef al., 1993) because G’ was
larger than G” throughout the experimentally-accessible
frequency range and both moduli were little dependent
on frequency. The weak gel behavior is the intermediate
rheological behavior between that of the concentated
polymer solution and that of the elastic or true gel.
Mechanical spectra of true gels are characterised by the
appearance of rubber-like plateau of both moduli and
sometimes accompanied with a slight dip of the loss
modulus G” at a certain frequency. True gels are
formed by a sufficient number of junction zomnes in
gellan gum solutions in the presence of sufficient salt
(Figs 2(), 5(f) and 6(d) in Miyoshi ef al., 1994a). For a
1.6% LM-1 solution (Fig. 3(D)), at any temperature
from 30 to 0°C, the behaviour was typical of a concen-
trated polymer solution and those curves were less
dependent on temperature.

Figure 4 shows the frequency dependence of G" and
G" for mixtures of GELL/LLM-2 at various mixing
ratios and at various temperatures. G” is greater than
G’ at all the frequencies and at all the temperatures
examined for mixtures with GELL/LM-2=1.4/0.2
(Fig. 4(A)), 1.0/0.6 (Fig. 4(B)) and G’ was too small to
be detected at all the temperatures for a 1.6% solution
of LM-2 alone (Fig. 4(D)). The difference in behavior of
1.6% solutions of KGM with different molecular
weights (Figs 2(D), 3(D) and 4(D)) is induced by a
difference in the entanglement which is often observed
for flexible macromolecules such as poly(methyl metha-
crylate) (Masuda et al., 1970) and polystyrene (Onogi et
al., 1970). The cross-over frequency shifted to lower
frequencies with increasing molecular weight of KGM
(Figs 2(D) and 3(D)) as in poly(methyl methacrylate) or
polystyrene molecules, although these macromolecules
are slightly more flexible than KGM.
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Fig. 3. Frequency dependence of storage modulus G’ and loss modulus G” for GELL/LM-1 mixtures (total polysaccharide
concentration 1.6%) with various mixing ratios at various temperatures. (O) G, (@) G, 30°C; (A) G, (A) G”, 25°C; () G, (M)
G, 15°C; (&) G, (#), G”, 0°C; mixing ratios of GELL/LM-1: (A) 1.4:0.2, (B) 1.0:0.6, (C) 0.6:1.0, (D) 0.0:1.6.,

Figure 5 shows the storage modulus G’ for GELL/
ND mixtures (total polysaccharide concentration 1.6%)
as a function of mixing ratio at 1.0 rad/s and at various
temperatures. At any temperature from 30 to 0°C, G’
for mixtures increased monotonically with increasing
content of ND in the mixtures, though the modulus for
a mixture with GELL/ND =0.8/0.8 showed a shallow
dip at any temperature. G’ for a 1.6% solution of ND
alone was significantly larger than that for any other
mixtures and was little dependent on temperature.
Although the highest molecular weight fraction ND
seems to inhibit the helix formation of gellan more, as
will be discussed later, the storage modulus of GELL/
ND mixtures as a function of ND content (Fig. 5)
increases with increasing ND content. This is simply
because G’ of a solution of ND alone is far larger (more
than two decades!) than that of gellan alone. The inhi-

bition seems to be most important at a mixing ratio of
GELL/ND=0.8/0.8. Since ND inhibits most the helix
formation of gellan, no synergistic interaction was
observed in these mixtures (Fig. 5).

Figure 6 shows the storage modulus G’ for GELL/
LM-1 mixtures (total polysaccharide concentration
1.6%) as a function of mixing ratio at 1.0rad/s and at
various temperatures. The behavior of G’ as a func-
tion of LM-1 content in gellan gum/LM-1 mixtures
depended on temperature. G’ at 30°C increased
monotonically with increasing content of LM-1 in
mixtures whilst G’ at 25°C was maximum at a mixing
ratio of GELL/LM-1=0.4/1.2 and G’ at 15 or 0°C
was maximum at GELL/LM-1=0.6/1.0. These find-
ings suggest that the synergistic interaction occurs
only between gellan gum molecules in helix confor-
mation and konjac glucomannan because gellan gum
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Fig. 4. Frequency dependence of storage modulus G’ and loss modulus G” for GELL/LM-2 mixtures (total polysaccharide
concentration 1.6%) with various mixing ratios at various temperatures. (Q) G', (@) G”, 30°C; (A) G, (&) G, 25°C; () G/, (M)
G", 15°C; (<) G, (@), G”, 0°C; mixing ratios of GELL/LM-2: (A) 1.4:0.2, (B) 1.0:0.6, (C) 0.6:1.0, (D) 0.0:1.6.

molecules adopts a helical conformation at lower
temperatures.

Figure 7 shows the storage modulus G’ for GELL/
LM-2 mixtures (total polysaccharide concentration
1.6%) as a function of mixing ratio at 1.0rad/s and at
various temperatures. The behavior in GELL/LM-2
mixtures was significantly different from that in GELL/
LM-1 or GELL/ND mixtures with the same total poly-
mer concentration. G as a function of LM-2 content at
0°C slightly increased up to LM-2 content 0.4 and then
rapidly decreased with increasing content of LM-2 in
the mixtures. At 15, 25 and 30°C, G’ became maximum
at LM-2 content 0.2 ~ 0.4. G’ at any temperature for
mixtures with more than LM-2 content 1.4 was too
small to be detected. Thus, in the case of GELL/LM-2
mixtures, the significant decrease of G’ with increasing
concentration of LM-2 in mixtures occurred, so that it
seems that G’ for the GELL/LM-2 mixtures is domi-

nated by the modulus of the gellan gum, however, it
appeared that synergism occurred with LM-2 only at
lower konjac glucomannan content around 0.2. Since
the lowest molecular weight fraction LM-2 does not
inhibit the helix formation so much with comparison to
LM-1 and ND, as will be discussed later, the synergistic
interaction may occur over a wider temperature range
as shown in Fig. 7.

Figure 8 shows the storage modulus G’ for GELL/
ND, GELL/LM-1 and GELL/LM-2 (total poly-
saccharide concentration 1.6%) as a function of mixing
ratio at 1.0rad/s and at 30°C (Fig. 8(A)) and at 0°C
(Fig. 8(B)). Closed diamond represents G' for gellan
alone. At all the mixing ratios and at both temperatures,
G’ for gellan alone is smaller than that for mixtures. The
reason for the increase of G’ by addition of KGM may
be ascribed to one of the following two possibilites: (1)
an increase of effective concentration of gellan because
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KGM immobilizes water, or in other words, the volume
which gellan can occupy is excluded by the presence of
KGM; (2) a synergistic interaction between KGM and
gellan occurs so that the topological entanglement may
play a role of a temporary crosslinking point. The
synergistic interaction occurs only at lower tempera-
tures around GELL/LM-1 ratio 0.6/1.0 ~ 0.4/1.2, and
at wider temperature range for GELL/LM-2 around the
mixing ratio 1.4/0.2 ~ 1.2/0.4 as shown in Figs 6 and 7.
As will be shown later (Fig. 13(A) and (B)), however,
the synergism between gellan gum and konjac gluco-
mannan does not seem to contribute so much to the
increase of G', and therefore, the first possibility is more
plausible. The crosses represent G’ for KGM alone, &
ND and +: LM-1. At the mixing ratios with higher
KGM contents, values of G’ for mixtures were larger
than those for KGM alone. The synergistic interaction
seems to be important at lower temperatures.

In order to see whether molecular association
between gellan and konjac glucomannan occurs or not,

the following experiment was carried out: the storage
shear modulus G' of GELL/KGM mixtures with
constant GELL concentration 1% and various LM-2
concentrations was observed. Figure 9 shows G’ as a
function of LM-2 concentration, G’ increased with
increasing concentration of LM-2, however, it decreased
above the concentration of LM-2 ~ 0.3%. Although the
total polymer concentration increased, G’ began to
decrease at a certain concentration of LM-2, indicating
the occurrence of the phase separation. Incompatibility
between polymers is a common phenomenon (Dea &
Morrison, 1975; Watase & Nishinari, 1980; Clark et al.,
1982; 1983; Clark & Ross-Murphy, 1985; Clark & Lee-
Tuffnell, 1986; Leloup et al., 1990; Annable et al.,
1994b) and frequently leads to a phase separation.
Figure 10 shows the temperature dependence of G’
and G” during a cooling or a heating process for a 1.6%
solution of gellan gum alone at 0.1 rad/s at a cooling or
heating rate of 0.5°C/min. During the cooling process,
G’ for a 1.6% solution of gellan gum alone began to be
detected around 26°C, corresponding to the setting
temperature T, and increased gradually with decreasing
temperature, while G’ could be detected from 50°C and
began to increase rapidly at ~ 35°C and then increased
gradually. During the heating process, G’ for a 1.6%
solution of gellan gum alone decreased gradually with
increasing temperature and then became too small to be
detected, corresponding to the melting temperature T,
although G” began to decrease rapidly at ~30°C and
then decreased gradually. The temperature at which G”
drastically changes should be a kind of transition
temperature. The midpoint temperature of the transi-
tion Ty is defined as the temperature at which G”
changes most steeply, and the relaxational strength AG
is defined as the difference between G” at the lower and
higher temperaure sides at Ty The relaxational
strength AG is usually defined using the storage modu-
lus (Wada, 1971). However, G” could be detected over a
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200 K. Nishinari et al.

(A) 30°C
1021 ’

1017

1094

G' / Nem -2

104

102 ' T ,
16/001.2/04 08/0804/1.200/16
Mixing ratios of GELL /KGM

103
(B) O°C

102

10

G' / Nem -2

10
10'# - T

e
16/001.2/04 08/0.804/12 00/16
Mixing ratios of GELL /KGM

Fig. 8. Storage shear modulus G’ of GELL/KGM mixtures (total polysaccharide concentration 1.6%), gellan gum alone and
konjac glucomannan alone as a function of mixing ratio at 30°C (A) and at 0°C (B). () Gellan gum alone, (A) GELL/LM-2
mixtures, (O) GELL/LM-1 mixtures, ((]) GELL/ND mixtures, (+) LM-1 alone, (&) ND alone.

wider temperature range than G’ in the present study,
and the change in G” at the transition was used as the
relaxational strength.

Figure 11 shows the temperature dependence of G’
and G” during cooling or heating process for GELL/
ND mixtures (total polysaccharide concentration 1.6%)
with various mixing ratios and at 0.1 rad/s and at 0.5°C/
min. The thermal behavior of G’ and G” for a mixture
with GELL/ND=1.4/0.2 (Fig. 11(A)) was similar to
that for a gellan gum alone (Fig. 10), although the
temperature at which G’ begins to be detected in the
cooling process shifted to higher temperatures. There
was little thermal hysteresis for a mixture with GELL/
ND = 1.0/0.6 (Fig. 11(B)) or 0.6/1.0 (Fig. 11(C)), and G’
and G” became less temperature dependent with
increasing content of ND. For a 1.6% solution of ND
alone (Fig. 11(D)), both moduli were significantly larger
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Fig. 9. Storage shear modulus G’ of GELL/KGM mixtures

with a constant concentration of GELL(1%) and various

concentration of LM-2 as a function of LM-2 concentration at
0°C. freq.=1.0rad/s.

throughout the accessible temperature range than those
of any other mixtures (Fig. l11(A) ~ (C)) and became
less temperature dependent. The midpoint temperature
Twm of the transition shifted to lower temperatures and
the relaxational strength AG at Ty decreased mono-
tonically with increasing content of KGM. As was
described above, the behavior of the mixtures of 1.6%
total polysaccharide concentration are characteristic of
dilute or concentrated solutions. Therefore, the transi-
tion observed from the temperature dependence of G’
and G” should not be attributed to sol-gel transition.
This may be induced by the coil-helix transition. At low
concentrations of gellan gum molecules, the helix
formation and its aggregation to form a certain ordered
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Fig. 10. Temperature dependence of storage modulus G’ and
loss modulus G” during cooling or heating process for a 1.6%
solution of gellan gum alone. (Q) G, (A) G”, cooling; (@)
G', (A) G”, heating; cooling and heating rate: 0.5°C/min; freq.
o = 0.1rad/s; AG represents the relaxational strength, and
Twm stands for the midpoint temperature of the transition.
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Fig. 11. Temperature dependence of storage modulus G’ and loss modulus G” during cooling or heating process for GELL/ND

mixtures (total polysaccharide concentration 1.6%) with various mixing ratios. (Q) G', (A) G”, cooling; (@) G'.(A) G”, heating;

cooling and heating rate: 0.5°C/min; freq. ® = 0.1 rad/s; mixing ratios of GELL/ND: (A) 1.4:0.2, (B) 1.0:0.6, (C) 0.6:1.0, (D)
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structure does not lead to gel formation because the
number of helical aggregates is not sufficient to give a
continuous network throughout the whole solution.
Therefore, the apparent plateau at lower temperatures
should not be identified as the rubbery plateau, but it is
similar to the second plateau for suspensions discussed
by Onogi et al. (1970) and Masuda et al. (1970).

Figure 12 shows the temperature dependence of G’
and G” during the cooling or heating process for GELL/
LM-1 mixtures (total polysaccharide concentration
1.6%) with various mixing ratios at 0.1rad/s and at a
cooling or heating rate of 0.5°C/min. The thermal beha-
vior of G’ and G” for a mixture with GELL/LM-1=1.4/
0.2 (Fig. 12(A)) was similar to that for a gellan gum
alone. However, the temperature at which G’ begins to
be detected in the cooling process shifted to higher
temperatures and G’ and G” increased with increasing
content of LM-1. G’ for a mixture with GELL/LM-
1=1.0/0.6 (Fig. 12(B)) could be also detected even at

50°C in both cooling and heating process, and G’ and G”
became less temperature dependent. Moreover, the
curves of both moduli in the cooling process almost
coincided with those in the heating process, so that little
thermal hysteresis was exhibited. G’ and G” for a 1.6%
solution of LM-1 alone (Fig. 12(D)) were significantly
larger throughout the accessible temperature range than
those of any other mixtures (Figs 12(A)}«(C)) and became
less temperature dependent.

Figure 13 shows the temperature dependence of G’
and G” during the cooling or heating process for GELL/
LM-2 mixtures (total polysaccharide concentration
1.6%) with various mixing ratios. The thermal behavior
of G’ and G” for GELL/LM-2 mixtures was signifi-
cantly different from that for GELL/ND mixtures
(Fig. 11) or GELL/LM-1 mixtures (Fig. 12). Mixtures
with GELL/LM-2=1.4/0.2 (Fig. 13(A)) and 1.0/0.6
(Fig. 13(B)) exhibited thermal hysteresis, however, the
temperature at which G’ begins to be detected in the
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Fig. 12. Temperature dependence of storage modulus G and loss modulus G” during cooling or heating process for GELL/LM-1

mixtures (total polysaccharide concentration 1.6%) with various mixing ratios. (Q) G, (A) G”, cooling; (@) G, (A) G”, heating;

cooling and heating rate: 0.5°C/min; freq. ® = 0.1 rad/s; mixing ratios of GELL/LM-1: (A) 1.4:0.2, (B) 1.0:0.6, (C) 0.6:1.0, (D)
0.0:1.6.

cooling process and the temperature at which G’
becomes too small to be detected in the heating process
shifted to lower temperatures with increasing content of
LM-2. Moreover, the values of G' and G” for these
mixtures with GELL/LM-2 became smaller with
increasing content of LM-2. G’ for a mixture with LM-2
content 1.0% (Fig. 13(C)) was too small to be detected,
and the temperature at which G” increased steeply shif-
ted to a lower temperature and G” became less
temperature dependent with increasing content of LM-2.

As is seen from Figs 11-13, the temperature depen-
dence of moduli for GELL/KGM mixtures is strongly
dependent on molecular weight. In all three cases, the
midpoint transition temperature Ty shifted to lower
temperatures, and the relaxation strength AG decreased
with increasing content of KGM (Fig. 14(A) and (B)).
Ty and AG for gellan alone is also shown in this
Fig. 14 (A) and (B) for the comparison with those for
mixtures. At all the mixing ratios and for all the KGM

fractions, AG for gellan alone is larger than that for
mixtures. This is in good agreement with DSC results as
will be shown later. Since the main contribution to the
magnitude of AG is by the formation and the subse-
quent aggregation of helices of gellan molecules, this
suggests that the process is inhibited by the presence of
KGM. The relaxation strength AG decreased with
increasing molecular weight of KGM, therefore, the
inhibition becomes more important with increasing
molecular weight of KGM. However, as is shown in
Figs 6 and 7, some synergistic effects were observed at a
certain mixing ratio where G’ for a mixture is larger
than G’ for a pure component at lower temperatures.

DSC
Figure 15 shows cooling and heating DSC curves for

gellan gum/LM-1 mixtures (total polysaccharide
concentration 1.6%) with various mixing ratios of
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GELL/LM-1. The cooling curve for a 1.6% solution of
gellan gum alone (Fig. 15(A)(2)) showed a main
exothermic peak at 32.3°C and another small peak at
95.1°C whilst the heating curve (Fig. 15(B)(a)) showed
only a main endothermic peak at 33.7°C. The experi-
mental result that the endothermic peak temperature Ty,
in a heating DSC curve is higher than the exothermic
peak temperature T; in a cooling DSC curve is
commomly observed for many thermoreversible systems
and could be understood by a zipper model approach
(Nishinari et al., 1990). As reported previously,
however, the extrapolation of scan rate to zero will
make this difference between T, and T, negligible for
gellan gum (Manning, 1992; Miyoshi et al., 1994b).
Both these exothermic and endothermic peaks should
not be attributed to gel-sol transition because in all
these cases, the frequency dependence described above
shows that these mixed systems are not in a gel state,
but in sol state. The cooling or heating curves for all

mixed gellan gum/LM-1 solutions also showed a main
exothermic or a main endothermic peak at a tempera-
ture range from 15 to 35°C, however, both exothermic
peak temperature T, and endothermic peak temperature
T, shifted to lower temperatures with increasing
content of LM-1 in mixtures. The midpoint temperature
of transition Ty determined from rheological measure-
ments seems to be inbetween T, and T, determined by
DSC measurements. The exothermic and endothermic
enthalpies for mixtures decreased with increasing
content of LM-1 in mixtures, moreover, for mixtures
where LM-1 is in excess, both exothermic peak and
endothermic peak became very broad. Eventually, the
cooling or heating DSC curve for a 1.6% solution of
konjac mannan (LM-1) alone (Fig. 15(A) curve(i) and
(B) curve(i)) did not show any exothermic or endother-
mic peak, suggesting that konjac glucomannan alone
does not gel or does not show any conformational
change such as helix-coil transition, and is consistent
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with rheological results mentioned above, which agreed thermoreversible gel systems (Williams et al., 1993). The
with previous results reported by many other workers. higher temperature exothermic peak in cooling DSC
The fact that a cooling DSC curve shows two exother- curves for GELL/LM-1 mixtures in Fig. 13(A) may be
mic peaks, whilst a heating DSC curve shows only one attributed to the formation of ordered structure by the
endothermic peak, has often been observed for many presence of small amount of calcium ions. As was
(A) Gellan-LM-1 mixtures (1.6%) (B)
1)
Gellan-LM-1 mixtures (1.6%)
C) 0.05mwW
A g
]
I0.0SmW 8 (©)
-]
-]
=]
Q
(2]
5
E
N
K 2
(h)
vl 1 A i 1 b A I ] z 2 1L A ;1 X 2 A ey
10 20 30 40 30 60 70 80 90 100 10 20 30 40 50 60 70 80 S0 100
Temperature / °C Temperature / 'C

Fig. 15. Cooling (A) and heating (B) DSC curves for GELL/LM-1 mixtures (total polysaccharide concentration 1.6%) with
various mixing ratios. Cooling and heating rate: 0.5°C/min; mixing ratios of GELL/LM-1: (a) 1.6/0.0, (b) 1.4/0.2, (c) 1.2/0.4, (d)
1.0/0.6, (e) 0.8/0.8, (f) 0.6/1.0, (g) 0.4/1.2, (h) 0.2/1.4, (i) 0.0/1.6.
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shown in a previous study (Miyoshi ez al., 1994b) an
exothermic peak in cooling DSC curves splits into
multiple peaks in the presence of excessive cations. It is
improbable that the helix-coil transition of gellan mole-
cules shifted to such a higher temperature on addition
of konjac glucomannan.

In the case of ND or LM-2, cooling and heating DSC
curves for mixtures showed a similar tendency to those
of gellan gum/LM-1 mixtures (data not shown), i.e. the
exothermic peak temperature T, in cooling DSC curves
as well as the endothermic peak temperature T, in
heating DSC curves shifted to lower temperatures with
increasing content of KGM.

The experimental findings that both T and Ty, for
the mixtures with 1.6% total polysaccharide concentra-
tion shifted to lower temperatures with decreasing
gellan gum content may be ascribed to the decrease of
gellan content itself and/or to the inhibition of helix
formation of gellan by konjac glucomannan. Figure 16
shows the dependence of T,(A) or T,,(B) for the gellan
gum/various konjac mannan mixtures as a function of
mixing ratio, compared to those for solutions of gellan
gum alone at various concentrations.

It is clearly demonstrated that the T, or Ty, of gellan
gum/konjac glucomannan mixed systems in the DSC
measurement was shifted to lower temperatures with
increasing content of konjac glucomannan whatever its
molecular weight. This may suggest that the ordered
structure was little dependent on the molecular weight
of konjac glucomannan. However, as stated above, it
was shown that the temperature and frequency depen-
dence of moduli for gellan gum/konjac glucomannan
mixtures showed a strong dependence on the molecular
weight of konjac glucomannan. Therefore, the effects of
molecular weight of konjac glucomannan would be
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more significant for rheological properties than for
thermal properties as in the case of x-carrageenan/
konjac glucomannan mixed systems reported previously
(Kohyama et al., 1993). In all cases, at lower concen-
trations of gellan gum (hence higher content of konjac
mannan), both Ty and T,, for mixed systems were
slightly higher than those for gellan gum itself. When
the concentration of gellan gum in the mixture reached
0.8% (the mixing ratio of GELL/KGM reached 1:1),
both T, and T, for the mixed system were slightly lower
than those for gellan gum alone. At higher concentra-
tions of gellan gum (hence lower content of konjac
mannan), both T and T,, for the mixed systems were
slightly lower than those for gellan gum alone although
both T, and T, for the mixture with GELL/LM-1=1.4/
0.2 were slightly higher than those for gellan gum alone.
Therefore, the shift of T and Ty, to lower temperatures
for the mixtures in which KGM content is higher than
50% is attributed to the decrease of gellan content and
it is noteworthy that the excess KGM promotes the coil-
helix transition of gellan. It is possible to expect some
synergistic interaction at higher KGM content as also
shown in the rheological results (Fig. 6). On the other
hand, the shift of T; and T, to lower temperatures for
the mixtures in which KGM content is lower than 50%
is attributed to the inhibition of gellan helix formation
by KGM. In all cases, T and T, for the mixed systems
decreased in the order of ND, LM-1, LM-2.

Recently, it was suggested that the interaction
between konjac glucomannan and k-carrageenan is
weaker than that between k-carrageenan and k-carra-
geenan, but strong enough to produce another elasti-
cally-active chains (Kohyama et al., 1993). In gellan/
konjac glucomannan mixtures, the main ordered struc-
ture may be formed by gellan molecules, and konjac
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Fig. 16. Exothermic peak temperature Ty(A) and endothermic peak temperature T,,(B) for a solutions of gellan gum alone and
GELL/KGM mixtures (total polysaccharide concentration 1.6%) as a function of mixing ratio. (@) Gellan gum alone, ((J) GELL/
ND mixtures, (O) GELL/LM-1 mixtures, (A) GELL/LM-2 mixtures.
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glucomannan molecules inhibit geilan molecules to form
the ordered structure. However, the present data were
obtained only from rheological and thermal measure-
ments, and, investigation by other methods is required.
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