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The  rheological  properties  and  critical  behavior  of  konjac  glucomannan  (KGM)/xanthan  (XG)  mixed  gels
were investigated  and  analyzed  using  a two-component  cascade  model.  The  fitting  results  show  that
the optimal  functionality  value  for  KGM  (fKGM) is  3, whereas  the  possible  functionality  value for  XG
(fXG)  is  100–1000  obtained  from  the modulus  data,  or  25  obtained  from  the  critical  data.  The  van’t  Hoff
vailable online 5 March 2012
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analysis  of  the  critical  data  shows  that  the  binding  of  KGM  with  XG  has  a high  enthalpy/entropy  ratio
(�H/300�S  =  5.52),  which  can  be explained  by the  gain  in  the  hydrational  entropy  due  to the  release  of
water  molecules  during  the  binding  reaction.  From  these  results,  we  proposed  that  the binding  of  KGM
with  XG  takes  place  on  the  consecutive  glucose  residues  of  KGM  with  six or  more  units.

© 2012 Elsevier Ltd. All rights reserved.

ascade model

. Introduction

The synergistic interaction between xanthan gum (XG) and
onjac glucomannan (KGM) has attracted the attention of many
esearchers because of its unusual gelling properties and potential
pplications. On its own, the XG solution exhibits a weak gel behav-
or at moderate concentrations (Ross-Murphy, Morris, & Morris,
983), while an irreversible gelation of the KGM solution can be

nduced by adding an alkaline coagulant (Maekaji, 1974). When
ixing KGM and XG in comparable amounts, a strong thermo-

eversible gel can be formed (Dea et al., 1977). Due to the enhanced
trength and easy processing, the mixed gel finds applications in
ood science (Agoub, Smith, Giannouli, Richardson, & Morris, 2007)
nd drug delivery systems (Alvarez-Mancenido, Lacik, Landín, &
artínez-Pacheco, 2008).
Xanthan gum is a natural polysaccharide consisting of a �-

,4-linked d-glucose backbone, substituted alternately with a
risaccharide side chain linked to every second glucose residue
Jansson, Kenne, & Lindberg, 1975; Melton, Mindt, Rees, &
anderson, 1976). The side chain consists of a glucuronic acid
esidue between two mannose residues, which are partially acety-
ated and may  contain pyruvic acid. Xanthan in aqueous solutions

aintains a rigid structure with ordered conformation as a double-

tranded helix with a persistence length of approximately 150 nm
Berth et al., 1996). Under heat treatment, it undergoes an order-
isorder transition from helix to random coil (Milas & Rinaudo,

∗ Corresponding author. Tel.: +886 6 2533131x3728; fax: +886 6 2425741.
E-mail address: cfmao@mail.stut.edu.tw (C.-F. Mao).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2012.02.056
1979, 1986). The transition temperature can be altered by factors
such as pH (Agoub et al., 2007), ionic strength (Milas & Rinaudo,
1979), and content of pyruvate and acetate substituents (Smith,
Symes, Lawson, & Morris, 1981). A weak XG gel can be formed due
to the association of XG helices above a critical concentration (Rodd,
Dunstan, & Boger, 2000).

Konjac glucomannan is a neutral polysaccharide consisting of �-
1,4-linked d-mannose and d-glucose units with a mannose/glucose
ratio of around 1.6 (Katsuraya et al., 2003; Maeda, Shimahara, &
Sugiyama, 1980). An acetyl group is attached to the KGM backbone
(approximately one per 19 residues), which confers its solubility in
water (Maeda et al., 1980; Maekaji, 1974). In the absence of acetyl
groups, the glucomannan is insoluble in water. The deacetylation
reaction can be induced by reacting KGM with alkali upon heating.
This process results in a thermally irreversible KGM gel, where its
junction zone is formed via the aggregation of deacetylated KGM
segments (Maekaji, 1974).

When mixing KGM with XG, a thermo-reversible gel can be
produced with a gel strength comparable to that of mixed galac-
tomannan/xanthan gels (Goycoolea, Richardson, Morris, & Gidley,
1995). The synergistic interaction has been proposed to occur by the
attachment of segments of galactomannan or glucomannan to the
cellulose backbone of disordered xanthan segments, rather than to
the xanthan helix (Brownsey, Cairns, Miles, & Morris, 1988; Cairns,
Miles, & Morris, 1986; Cairns, Miles, Morris, & Brownsey, 1987).
This hypothesis is supported by two facts: (i) the appearance of

new X-ray fiber patterns assigned to the binding between xanthan
and galactomannan for oriented mixed gels, and (ii) the suppres-
sion of gelation for mixing under conditions where xanthan is in
the helix conformation. The interacting site of galactomannans was

dx.doi.org/10.1016/j.carbpol.2012.02.056
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:cfmao@mail.stut.edu.tw
dx.doi.org/10.1016/j.carbpol.2012.02.056
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uggested to be composed of consecutive unsubstituted mannan
egments (Dea, Clark, & McCleary, 1986), which was confirmed by
he observation of the synergistic gelation of galactose-depleted
uar gum and xanthan (McCleary, Amado, Waibel, & Neukom,
981; Pai & Khan, 2002). However, little was known about the
inding site of KGM in mixed gels. A comparison of the X-ray fiber
atterns of oriented mixed gels for the galactomannan/xanthan and
he glucomannan/xanthan systems showed that the structure of
heir binding site is different (Brownsey et al., 1988). Substantial
ifferences were also observed in the thermogram and the varia-
ion of rheological properties during a cooling process (Goycoolea
t al., 1995). A possible model is that the binding site in KGM/XG
ixed gels involves the segment of glucose residues of KGM, rather

han the segment of mannose residues.
In our previous work we have shown that the synergistic gela-

ion of unlike polysaccharides can be modeled by a two-component
ascade model (Mao, 2006; Mao  & Chen, 2006). This model was
pplied to analyze the concentration dependence of gel modu-
us or critical gelling data for mixed galactomannan/xanthan gels
Mao & Rwei, 2006). The analysis results provided information
bout the number of cross-linking segments for a galactomannan
r xanthan molecule and the enthalpy change for the cross-linking
eaction, which were helpful in understanding the interacting site
f mixed gels. In this work, the gelling properties of KGM/XG mix-
ures were investigated and analyzed based on the two-component
ascade model. The fitted model parameters were correlated with
he chemical structure of the component polysaccharides, and
n attempt was made to justify the hypothesis that the binding
ite of the mixed gel involves the segment of glucose residues of
GM.

. Materials and methods

.1. Materials and sample preparation

Xanthan and konjac glucomannan were purchased from Aldrich
Milwaukee, WI)  and Shimizu Chemical (Hiroshima, Japan), respec-
ively. The intrinsic viscosities obtained from an Ubbelohde
apillary viscometer for XG in 0.10 M NaCl and KGM are 15.8
nd 14.2 dl/g, respectively. The average molecular weights are
stimated to be 9.80 × 105 and 4.75 × 105 g/mol for XG and
GM, respectively, using the Mark–Houwink equation (Capron,
rigand, & Muller, 1997; Prawitwong, Takigami, & Phillips,
007).

KGM/XG mixed gels were prepared by dispersing appropriate
mounts of KGM and XG in de-ionized water to give a desired
oncentration ratio (r = CKGM/CXG) by stirring at room temperature
or 30 min. Sodium azide of 0.05 wt% was added to prevent bacte-
ial degradation. The samples were then heated at 80 ◦C for 1 h.
elation was observed when the samples were cooled to room

emperature.

.2. Rheological measurements

Rheological measurements were performed using a controlled
tress rheometer (Physica MCR  501, Anton Paar Germany GmbH).
he hot solution was poured into the rheometer measuring sys-
em (parallel plate geometry, 25 mm diameter, and 0.5 mm gap)
nd allowed to cool to room temperature. Measurements were car-
ied out after the sample temperature has stabilized at 25 ◦C for
0 min. A strain sweep test was performed to check that measure-

ents have been performed within the linear viscoelastic (LVE)

egime. The shear storage modulus (G′) at 25 ◦C was recorded for
amples at different polysaccharide concentrations and KGM/XG
oncentration ratios.
Fig. 1. Frequency sweep of KGM/XG solutions (CKGM/CXG = 1) at 25 ◦C (filled and open
symbols represent G′ and G′′ , respectively; (�/©) C = 5 g/L; (�/�) C = 15 g/L.

2.3. Determination of critical concentrations

The melting temperature of the KGM/XG gels was  determined
by the “test tube upside-down” method (Hong & Chen, 1998).
The sample was sealed in a test tube of 10 mm id, which was
immersed in a water bath, and the temperature was  allowed to
rise at a rate of 1 K/min approximately. The temperature at which
the gel started to flow was  recorded as the gel melting tempera-
ture. The thermo-reversibility characteristic of the mixed gel can be
readily demonstrated in repeated runs of the same sample, where
an identical melting temperature was  obtained. The concentra-
tion dependence of the melting temperature was analyzed using
the Ferry–Eldridge equation (Eldridge & Ferry, 1954). The criti-
cal concentration at a specific temperature was obtained from the
interpolation of the Ferry–Eldridge plot.

3. Results and discussion

3.1. Rheological properties and modulus–composition relations

Pure xanthan or konjac glucomannan solutions exhibit fluid-like
rheological behavior, while a strong gel can be produced by mix-
ing these two fluids. Fig. 1 shows the typical frequency sweeps of
the KGM/XG solutions with a concentration ratio of r = 1 at room
temperature. It is evident that the storage modulus G′ is one order
of magnitude larger than the loss modulus G′′ and both moduli
are frequency-independent, corresponding to a strong gel behav-
ior. The value of the storage modulus varies as a function of both
polysaccharide concentration and concentration ratio, which char-
acterizes the number density of interacting sites of a mixed gel.

The synergistic effect of a mixed polysaccharide system can be
elucidated by examining the property change with respect to the
composition. Experimental results for composition dependence of
the storage modulus at a fixed polysaccharide concentration are
presented in Fig. 2. It can be seen that the storage modulus reaches
a maximum at r = 2 with a value much greater than those of the indi-
vidual components, indicating the existence of a strong synergism
between KGM and XG. The asymmetry of the composition depend-
ence curve in Fig. 2 implies that the number of interacting sites in
a polysaccharide chain (functionality) for KGM and XG are quite

different. In the later analysis we  will show that the functionality
of KGM is much less than that of XG.

A second series of experiments was  carried out in order to study
the polysaccharide concentration dependence of storage modulus
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ig. 2. Composition dependence of the storage modulus for KGM/XG gels (C = 20 g/L)
t  25 ◦C. The curve is derived by the cascade model using the parameters at the
unctionality set (fKGM , fXG) = (3, 100).

t different mixing ratios. The moduli for samples of r = 2 are
onsistently higher than those of different mixing ratios at all con-
entrations, as shown in Fig. 3. The concentration dependence of
torage modulus for physical gels can be simply approximated by

 power law, G′ ∝ Cn, where n is an empirical exponent. The param-
ter n is found to be close to 2.2 at r = 0.5 and decreases with
ncreasing mixing ratio (n = 1.7 and 1.5 for r = 1 and 2, respectively).
t has been reported that an n value of 2.25 corresponds to physi-
al gels with an extremely high functionality, while a lower n value
ndicates the existence of a low functionality (Clark & Ross-Murphy,
985). Thus, the decrease in n values with increasing KGM content
uggests that the functionality of KGM is lower than that of XG. In
rder to obtain the exact f values for KGM and XG, the experimental
ata has to be further analyzed using the cascade model.

In a cascade model, the polymer network is described by a
ranching tree where the junctions between two polymers are
ormed via a reaction between two functional groups (Dobson &
ordon, 1965). The number of elastically active network chains
EANC) per chain is thus determined by the functionalities and reac-
ion equilibrium constant. The expression of the gel modulus can
e assumed to be in the form of an ideal rubber, which is directly
roportional to the number of EANC per chain. The cascade model

ig. 3. Effect of concentration ratio on the concentration dependence of G for
GM/XG mixed gels at 25 ◦C. The solid curves are derived by the cascade model
sing the parameters at the functionality set (fKGM , fXG) = (3, 100).
Fig. 4. The object function �2 as a function of component functionalities obtained
by  fitting the modulus-concentration dependence data using Eq. (2).

developed for two-component synergistic gels (Mao, 2006; Mao  &
Chen, 2006) can be applied to the KGM/XG system by assuming a
network formed via the interaction between KGM and XG. In the
model formalism, the gel modulus for a KGM/XG mixed gel with
concentrations, CKGM and CXG, and molecular weights, MKGM and
MXG, has contributions from both components:

G = aRT
[

NeKGM

(
CKGM

MKGM

)
+ NeXG

(
CXG

MXG

)]
(1)

where a is the front factor, which measures the deviation from ideal
rubber behavior, and NeKGM and NeXG are the number of EANC per
chain. NeKGM and NeXG are expressed as a function of the equilibrium
constant K and the functionalities fKGM and fXG. The detail derivation
of the model equation for a synergistic gel can be found elsewhere
(Mao  & Chen, 2006).

In order to estimate the cascade parameters, the modulus data
at different mixing ratios were fitted numerically to the model by
minimizing an object function �2, which is defined as

�2 =
∑

(ln G′exp − ln G′cal)
2

(2)

where G′exp and G′cal represent the experimental and calculated
G′ values, respectively. The minimization process consists of a
non-linear least-squares method using the Levenberg–Marquardt
algorithm (Marquardt, 1963) to optimize the values of a and K and
a direct search method to obtain the best-fit values of fKGM and
fXG. Fig. 4 shows the results of fitting the modulus data in Fig. 3 to
the cascade model. The minimized object function �2 is plotted as
a function of fKGM and fXG. It can be seen that the �2 value varies
smoothly with the functionalities and drops to a minimum in the
low fKGM and high fXG region.

In Fig. 3, the minimum is located at (fKGM, fXG) = (3, 1000). A
closer examination of the �2 values near the minimum show that
an increase in fKGM causes significant increase in �2 value, whereas
the �2 value only changes slightly for fXG in the range 100–1000
at a fixed fKGM value of 3 (within 2% variation). Thus, the opti-
mal  fKGM value can be identified close to 3, while the possible fXG

value may  lie in the range of 100–1000. These values are consistent
with our previous arguments that the fKGM and fXG values are quite
different and the latter should be higher than the former. Further-
more, model curves derived using the cascade parameters at (fKGM,
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Fig. 5. Distribution of unsubstituted glucose (©) or mannose (�) segments in the
konjac glucomannan chain (m: segment size; n: number of unsubstituted segments).
The  estimation was made based on a random distribution of glucose and mannose
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and 2. These data can be then used to construct the composition
dependence of the critical concentration at different temperatures.

Fig. 8 shows the critical concentration C0 of the KGM/XG mixed
gel as a function of mixing ratio at different temperatures. It can
nits along the polysaccharide backbone with a mannose/glucose ratio of 1.6. The
ontent of acetyl groups was assumed to be one per 19 residues.

XG) = (3, 100) are plotted in Figs. 2 and 3, and in good agreement
ith the experimental data.

Now the physical significance of the optimal cascade parameters
s discussed. First we examine the front factor a, which should have

 value of unity if the gel elasticity results exclusively from the loss
f conformational entropy of the network chains on deformation.
n this case, the value of a at (fKGM, fXG) = (3, 100–1000) is approx-
mately 8.6, which is a typical value for physical gels, indicating
he presence of an enthalpic contribution to the gel elasticity. For
ocust bean gum (LBG)/XG mixed gels, a values of 5.4 and 3.0 have
een reported (Mao  & Rwei, 2006). When comparing these values,

t seems that the network chain of KGM/XG gels is somewhat stiffer
han that of LBG/XG gels.

Next, we check the values of the cascade parameters fKGM and
XG, which can be related to the chemical structure of the cor-
esponding polysaccharides. For konjac glucomannan, we have a
alue of fKGM = 3, implying that only a small fraction of the sugar
esidues in the glucomannan contributes to the interaction with
anthan. Now the question is which segment of the glucomannan
orresponds to this extremely small functionality value. It has been
emonstrated that for galactomannans, the interaction with xan-
han is associated with the segment with more than six consecutive
nsubstituted mannose residues (Dea et al., 1986). Since the kon-

ac glucomannan contains both unsubstituted (without an acetyl
roup attached) mannose and glucose segments, it is likely that
ither one of them or both may  bind with xanthan.

To answer this question, the distribution profile of unsubsti-
uted mannose or glucose segments of different sizes for KGM
as generated with a computer simulation by assuming a random
istribution of mannose and glucose residues, along with acetyl
roups, as shown in Fig. 5. If we calculate the number of segments
ith size greater than or equal to six units, it is found that the
umber of mannose segments is an order of magnitude higher
han the optimal fKGM value, while the number of glucose segments
s approximately four, which is consistent with the optimal fKGM
alue. This simulation suggests that the consecutive glucose seg-
ent with more than six units, rather than the mannose segment,

s responsible for the interacting site for KGM/XG gels. A tentative
cheme is given in Fig. 6 to illustrate the binding site of KGM/XG
els. A similar hypothesis was made by Goycoolea et al. (1995)

ased on the differences in thermal behavior between LBG/XG and
GM/XG gels. Here we provide strong evidence for the involvement
f consecutive glucose residues in binding with xanthan.
Fig. 6. The schematic representation of the binding of KGM to XG in KGM/XG mixed
gels (G and M stand for mannose and glucose residues, respectively).

Although the cascade analysis shows that the appropriate fXG
value ranges from 100 to 1000, the chemical structure of XG further
imposes a limitation on the fXG value. The xanthan sample used here
with a molecular weight of 0.98 × 106 g/mol consists of approxi-
mately 1090 repeating units (two glucose residues attached by a
trisaccharide side chain), estimated by assuming a pyruvate con-
tent of 50% and an acetate content of 50%. It is reasonable to assume
that the interacting site of xanthan involves at least three repeat-
ing units, which are comparable in length to six glucose residues in
KGM. Thus, a physically consistent value of fXG should not exceed
360 in this case. By combining this consideration with the results
of the cascade analysis, the appropriate fXG values can be narrowed
down to the range of 100–360. At this point, the exact fXG value can-
not be ascertained, and little can be said about the chemical nature
of the binding site of xanthan.

3.2. Critical concentrations

Application of the cascade model to the critical condition of
thermo-reversible gels can provide some useful information about
the thermodynamics of the binding reaction. When heated above
the melting point the gel loses its integrity due to a decrease in
junction density, which is expressed as a function of polysaccharide
concentration and mixing ratio. The relationship between the melt-
ing temperature and polysaccharide concentration at each mixing
ratio can be fairly well described by the Eldridge–Ferry equation,
as shown in Fig. 7. The slope of the fitted line is proportional to
the enthalpy change of gel melting, which is relatively large at r = 1
Fig. 7. Eldridge–Ferry plots for KGM/XG mixed gels at different mixing ratios.
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LBG/XG gel. This discrepancy suggests that KGM binds to xanthan in
a different way. It is also of interest to note that for the KGM/XG gel,
the enthalpy/entropy ratio for the heterotypic association is much
higher than the value for the associations of low-molecular-weight

Table 1
Enthalpy changes, entropy changes, and enthalpy–entropy ratios for the bindings
in  KGM/XG gels and LBG/XG gels.

Type of binding −�H (kJ/mole) −�S (J/(K mole)) �H/300�S

KGM/XG gels
KGM–XG 27 16 5.52
XG–XG 19 32 2.02
ig. 8. Composition dependence of the critical concentration for KGM/XG mixed
els  at different temperatures. The curves are derived by the cascade model using
he parameters at the functionality set (fKGM , fXG) = (3, 20).

e seen that at a specific temperature, C0 has a minimum as CKGM
nd CXG are comparable, and increases with increasing difference
n mixing ratio. The C0 curve tends to level off at high XG contents
ue to the homotypic association of xanthan. When increasing tem-
erature, the critical concentration increases at all mixing ratios,
emonstrating an increase in the breakup probability of gel junc-
ions at elevated temperature.

The critical behavior in Fig. 8 can be described by a modified cas-
ade model that we developed previously by including the effect of
he homotypic association of one of the components (Mao, 2008).
n the modified cascade model, the homotypic association of xan-
han is assumed to occur at the same site as that responsible for the
inding between KGM and XG. Then, the critical concentration can
e obtained by calculating the critical conversion ˛XG0 for fXG in the
ollowing quadratic equation:

fXGCXGMKGMx2
0(fKGM − 1)

fKGMCKGMMXG
˛2

XG0 + (1 − x0)˛XG0 − 1
fXG − 1

= 0 (3)

here x0 is defined as the fraction of reacted fXG which binds with
GM at the gel point (when x0 = 1, the homotypic association of
anthan is absent, and the above equation is reduced to the cascade
odel for synergistic mixed gels). To determine the critical conver-

ion, both values of the equilibrium constants for the heterotypic
nd homotypic associations are required along with the function-
lities fEMG and fXG. The detailed relationship between ˛XG0 and the
ascade parameters can be found elsewhere (Mao, 2008).

The parameters of the modified cascade model can be obtained
y fitting the experimental data in Fig. 8 using Eq. (3).  This is done
y minimizing an object function �2, which is defined as follows:

2 =
∑

(ln Cexp
0 − ln Ccal

0 )
2

(4)

here Cexp
0 and Ccal

0 are the experimental and calculated C0 values,
espectively. The summation in Eq. (4) is taken over all the mixing
atios and temperatures investigated. The fitting result is shown in
ig. 9 by plotting �2 as a function of fKGM and fXG. It can be seen
hat the �2 value does not vary smoothly with fKGM and fXG, and
here are many local minima of the object function. Nevertheless,
he global minimum can be easily identify at (fKGM, fXG) = (3, 20), and
he fitting curves derived by using this parameter set are in good
greement with the experimental data, as shown in Fig. 8.
The physical interpretation of the cascade parameters can be
ade in a manner similar to that in the previous section. The

ptimal fKGM value is identical to that obtained from the modulus
ata and points to the fact that consecutive glucose segments are
Fig. 9. The object function �2 as a function of component functionalities obtained
by  fitting the critical concentration data using Eq. (4).

responsible for the interacting site for KGM/XG gels. The optimal fXG
value, in contrast, is much lower than that obtained from the modu-
lus data. The underestimation of the fXG value is possibly due to that
the “test tube upside-down” method is a destructive method which
measures the polysaccharide concentration required to support the
gel against gravity. In this manner, the network junctions lost at
elevated temperature as measured by the onset of flow should be
fewer than those probed by the rheological method, thus leading
to a low functionality value.

The temperature dependence of the equilibrium constants for
the heterotypic association between KGM and XG and the homo-
typic association of XG can be further analyzed by the van’t Hoff
equation

K = exp
(

�S

R
− �H

RT

)
(5)

where �H and �S are the enthalpy change and entropy change per
cross-link. Both types of association obey the van’t Hoff relationship
very well and the values of �H  and �S  can be readily calculated.
Table 1 lists the calculated −�H  and −�S  values and compares
them with those reported for LBG/XG gels (Mao, 2008). It can be
seen that the −�H and −�S  values of the homotypic association
of xanthan are quite similar for both mixed gels, but, in contrast,
the −�H and −�S  values of the heterotypic association for the
KGM/XG gel are surprisingly small as compared with those for the
LBG/XG gels
LBG–XG 81a 173a 1.56a

XG–XG 23a 33a 2.28a

a These values were taken from Mao  (2008).
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enthalpy–entropy relationship to binding co-operativity and weak associations
C.-F. Mao et al. / Carbohyd

olecules in solution (1.59) (Searle, Westwell, & Williams, 1995).
or the LBG/XG gel, the corresponding enthalpy entropy ratio is
lmost identical to the value of 1.59. This difference is mainly a
onsequence of the low entropy loss associated with the binding
etween KGM and XG.

A possible explanation of the low entropy loss for KGM/XG bind-
ng can be given below. The change in entropy for the binding
rocess can be presented as a sum of two major contributions:
i) the entropy loss arising from a reduction in the availability of
ifferent configurations for the polysaccharides, and (ii) the hydra-
ional entropy change due to the water molecules released to the
ulk. The binding of XG backbone with the glucose units of KGM
ay  result in significant dehydration of the interaction sites, thus

roducing a large hydrational entropy change, which partially com-
ensates the configurational entropy loss of the polysaccharides.
he gain in the hydrational entropy for LBG/XG gels, in contrast,
s not significant due to the dissimilarity of the backbone sugar
nits and does not play an important role in the binding process,
hus having a higher entropy loss and smaller enthalpy entropy
atio.

. Conclusions

The concentration dependence of elastic moduli and the mixing-
atio dependence of critical concentration for KGM/XG gels were
uccessfully described by the cascade model. The model assumes
hat the interaction between segments of KGM and XG reaches
quilibrium and generates a cascade-type network. The fitting
esult shows that the best-fit front factor a is greater than unity,
hich suggests the existence of an enthalpic contribution to the

el elasticity and is consistent with other polysaccharide gels. The
ptimal fKGM value is 3 for both fitting results. On the other hand,
he possible fXG value obtained from the modulus data ranges from
00 to 1000, while that obtained from the critical data is 25. This
iscrepancy can be ascribed to that the gel networks probed by the
test tube upside-down” method are fewer than those probed by
he rheological method.

The functionality values, in conjunction with the
nthalpy/entropy ratio, were used to evaluate the possible
nteracting segment of the polysaccharides. We  proposed that for
onjac glucomannan, the interaction with XG takes place on the
onsecutive glucose residues of KGM with six or more units. The
roposed binding site of KGM is supported by two  findings: (i)
n fKGM value of 3, which can only be assigned to the consecutive
lucose residues, rather than mannose residues, and (ii) a high
nthalpy/entropy ratio, which is attributed to the gain in the
ydrational entropy due to the release of water molecules caused
y the binding of the glucose units of KGM to the xanthan back-
one. The major contribution of this work is to provide evidences
or the interaction of KGM with XG taking place on the consecutive
lucose residues of KGM, which explains the differences observed
n the literature between KGM/XG and LBG/XG gels.
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