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Abstract Dynamic viscoelasticity measurements were
performed for concentrated solutions of konjac gluco-
mannan in an ionic liquid. The entanglement coupling
appeared in the rheological data for each solution was
characterized in terms of the molecular weight between
entanglements (M.) as an average size of the transient
entanglement network. The value of M, for konjac gluco-
mannan in the molten state was estimated to be 1.8 x 10°
(in g mol™"), being significantly smaller than that for cel-
lulose, although the molecular weight and linkage of the
repeating units were the same between these polysaccha-
rides. This result suggested that the configuration of the
repeating monosaccharide unit affected the entanglement
network of these polysaccharides reflecting the single chain
characteristics.

Keywords Konjac glucomannan - Concentrated
solution - Rheology - Molecular weight between
entanglements - Ionic liquid

Introduction

Konjac glucomannan is an important food material as a
dietary fiber. It is recognized that konjac glucomannan
contains small amount of acetyl groups and deacetylation
in the alkaline solutions induces crosslinking between
glucomannan chains which leads to gelation. So far
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extensive studies on the intermolecular aggregation of
glucomannan chains in aqueous systems have been made
using various experimental techniques including rheologi-
cal measurement; current researches have ranged to the
modification of the chemical structure of glucomannan as
well as to the mixing of other polysaccharides such as
carrageenan and agarose into the pure glucomannan
aqueous systems to alter the interaction between gluco-
mannan chains, thereby producing food materials having
new physicochemical properties [1-4]. In comparison with
the extensive studies on the intermolecular aggregation of
glucomannan described above, it seems that few studies
have been performed on the single chain properties such as
the chain stiffness of glucomannan [5-7]. Further studies
on the single chain properties are crucial for advanced
application of konjac glucomannan, because the physico-
chemical properties of glucomannan hydrogels are deter-
mined not only by the intermolecular behavior but also by
the single chain properties.

It is well known that polymers of high molecular weight
like konjac glucomannan in solution tend to show the so-
called entanglement coupling above certain concentrations,
where there is a transient network of interpenetrating
polymer chains and the global motion of each chain is
restricted topologically [8, 9]. The entanglement coupling
can be characterized by the molecular weight between
entanglements (M.), which corresponds to an average size
of the entanglement network. Although M, for a polymer in
solution is dependent on the concentration, M. for a
polymer in the molten state without a solvent (M. merr)
becomes a material constant for the polymer; namely,
M. e 18 one of the single chain properties of the polymer.
So far there has been no information on M, nor on M. mer
for konjac glucomannan, because it is actually impossible
to obtain aqueous solutions of konjac glucomannan above
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the concentration of entanglement coupling and, moreover,
the molten state of konjac glucomannan cannot be attained
due to the thermal degradation before melting.

In this study, M. values for konjac glucomannan in
concentrated solutions have been estimated from dynamic
viscoelasticity obtained by rheological measurement. The
concentrated solutions of konjac glucomannan have been
prepared with an ionic liquid [10]. The dynamic vis-
coelasticity data have indicated the existence of entangle-
ment coupling in the solutions and have given M, values.
Then M, mei for konjac glucomannan has been determined
from the concentration dependence of M.. Comparison has
been made with cellulose with regard to the relationship
between M, .;; and the molecular structure.

Materials and methods
Materials

Konjac glucomannan (RHEOLEX® RS, kindly gifted by
Shimizu Chemical, Japan) was dried in a vacuum oven at
80 °C overnight just before use. According to the manu-
facturer, RHEOLEX® is a heteropolysaccharide consisting
of f-(1,4)-linked p-glucose and p-mannose in the ratio of
ca. 1:1.6 [11] and the molecular weight (in g mol™")
determined by viscometry using Ubbelohde-type vis-
cometers is 1.03 x 10°. The ionic liquid solvent used in
this study was 1-butyl-3-methylimidazolium acetate
(BmimAc) (BASF, Germany) [12]. Concentrated solutions
of konjac glucomannan were prepared in the following
way. The powdery polysaccharide was added to BmimAc
in a dry glass vessel, and the mixture was stirred at ca.
100 rpm on a hot plate at 80 °C for 2 h, and then the
mixture was put in a vacuum oven set at 80 °C to avoid
moisture and then kept for around 22 h to dissolve gluco-
mannan completely. The concentration of glucomannan
(c) ranged from 21 to 63 kg m? (3-6 wt%). The values of
¢ prepared were rather low, depending on the solubility of
glucomannan in BmimAc, but entanglement coupling
appeared in all the solutions due to the high molecular
weight of the sample (1.03 x 10°), as shown below. In the
calculation of ¢, 1.0 x 103 kg m~> was assumed for the
density of konjac glucomannan in the molten state, and the
reported value of 1.055 x 10° kg m—> was used for the
density of BmimAc [13].

Methods

Rheological measurement was carried out with a rheometer
(ARES, now TA Instruments, USA). The glucomannan
solutions were sandwiched between a cone-plate geometry
with the diameter of 25 mm and the cone angle of 0.1 rad

under nitrogen atmosphere. The dynamic viscoelasticity
measurement was performed as the angular frequency (w)
dependence of the storage modulus (G’) and the loss
modulus (G”) from 0.01 to 100 s~ ' with a strain amplitude
(y) of 0.1. Linear viscoelastic region was confirmed up to
7 = 0.3. The dynamic viscoelasticity data were obtained in
the temperature (7) range from O to 100 °C at every 20 °C.
Steady shear flow measurement was also conducted for the
glucomannan solutions except for the solution of
¢ = 63 kg m™ over the shear rate () from 0.01 to 10 s*
at 80 °C with the same cone-plate geometry.

Results and discussion

Figure 1 shows an example of the results of the dynamic
viscoelasticity measurement; (a) G’ and (b) G” for the
solution of ¢ = 63 kg m™ at each temperature are plotted
against w. The values of G’ and G” at a given w generally
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Fig. 1 Dynamic viscoelasticity a G’ and b G” for the solution of
¢ = 63 kg m~> at each temperature. Curves can be superposed each
other by a horizontal shift
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Fig. 2 Master curves of @ dependence of G’ and G” for konjac
glucomannan solutions at 7, = 80 °C. The curves are shifted by A

decrease as the temperature increases, although the order of
G” cannot be clearly observed in comparison with that of
G'. Each curve can be superposed to one another only by an
appropriate horizontal shift; for instance, the G’ curve at
100 °C is overlapped with that at 80 °C by multiplying w
by 0.31 and form a single smooth curve, and furthermore
overlapping of the G” curves can be also made with the
same factor. This method is the so-called time—temperature
superposition. The superposed curves finally obtained are
drawn in Fig. 2.

Figure 2 shows the master curves of G’ and G” for the
glucomannan solutions; the curves for the solutions of
different ¢ are shifted vertically by a constant A to avoid
overlapping. Each pair of curves of G’ and G” at a given
c has been obtained by superposing the data of G’ and G” at
different temperatures according to the time—temperature
superposition principle. The reference temperature (7}) is
80 °C and the horizontal shift factor is at. The figure il-
lustrates that the time—temperature superposition principle
holds for all the glucomannan solutions. The values of ar
used for drawing the master curves are plotted against 1/
T in Fig. 3; the straight line in the figure is best fitted to the
data points. It is shown that at at a given T are almost the
same regardless of ¢ and all data points fall on the single
line. This indicates that the 7-dependence of ar can be
represented by an Arrhenius-type equation, as expected for
polymer solutions without gelation. The master curves for
each ¢ can be divided into two regions based on the values
of G’ and G”. In the first region, where G' < G”, the
relation G” o  is observed at the end of low war; exactly
speaking, G” curve for the solution of ¢ = 63 kg m™> does
not reach the terminal behavior within the war region

@ Springer
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Fig. 3 T-dependence of at for obtaining the master curves in Fig. 2.
Data points are well fitted by a single line

observed, although the behavior is similar to the rest of the
samples. Obviously, this region corresponds the flow
region known for polymer solutions; namely, konjac glu-
comannan is considered to be dissolved completely in
BmimAc without any aggregations at each ¢ examined.
The second region, where G’ > G”, can be identified as the
rubbery plateau, where the G’ curve reaches a plateau,
although each G’ curve in the figure still has a slight tilt in
this region. The tilt probably originates from the polydis-
persity of the glucomannan sample [14]. The existence of
rubbery plateau means that there is the entanglement
coupling between glucomannan chains in the solutions [9,
15, 16]. Actually, the plateau region broadens with
increasing c, as expected from the fact that the entangle-
ment coupling becomes more important with increasing c.

It is well known that the zero-shear viscosity (1) can be
obtained from the terminal behavior of the flow region
according to the definition [9, 17]

Mo = hgl_ (1)

Figure 4 shows the double logarithmic plot of 5, against c.
The values of 7y have been estimated from Fig. 2 for the
solutions exhibiting the terminal relation, G” o« ; namely,
the solution of ¢ = 63 kg m~3is eliminated, as mentioned
above. The figure also includes #, obtained from the steady
shear flow measurement; #, has been determined as the
constant value of the viscosity plotted against y observed in
the low y region. It is observed that the values of 7, from
the dynamic and the steady flow methods coincide with
each other at each ¢, which ensures the accuracy of the
measurements, and that the slope of the plot is estimated to
be 5.3.

There are several experimental procedures for deter-
mining the plateau modulus (GY) from a tilted rubbery
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Fig. 4 Double-logarithmic plot of 5 against ¢ for konjac glucoman-
nan solutions at 80 °C. Values of 1, were obtained from dynamic
viscoelasticity measurement (circle) and from steady shear flow
measurement (friangle)

plateau [9]. In this study, GZQ, at each ¢ has been obtained as
the value of G’ at w where the loss tangent (tand;
tand = G”/G’) attains the minimum in Fig. 2 [13]. With
G, M, for a polymer in a concentrated solution of ¢ can be
calculated from the analogy with rubber elasticity as [9]

(2)

where R (=8.31 J mol ™! K™} is the gas constant. As an
example, the master curve of tané for the solution of
¢ = 63 kg m™ in the vicinity of the minimum is plotted in
Fig. 5 together with the original data of G’ and G”, which is
a part of the curves shown in Fig. 2. In the figure, G% can
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Fig. 5 Master curve of tand for the solution of ¢ = 63 kg m™~> in the
vicinity of the minimum. The data of G’ and G” are parts of the curves
shown in Fig. 2. The broken line indicates » at which tand attains the
minimum

be determined to be 7.1 x 10° Pa at war = 7.6 x 102 s71,
as indicated by a broken line, which gives M. = 2.6 x 10*
(ing mol ™). The values of M, for the other solutions were
determined in a similar manner.

As for GY% of polymer solutions with entanglement
coupling, Colby has reported that the solvent quality for the
solute can be evaluated from the concentration dependence
[18]. Figure 6 shows the double-logarithmic plot of G?V
against ¢ for glucomannan solutions. The data points can
be well fitted by a straight line with a slope of 2.3, but it is
still impossible to distinguish the solvent quality of Bmi-
mAc for konjac glucomannan using this exponent, as
expected from the close exponents for good solvent and 0-
solvent.

Figure 7 shows log M, versus log c plot. In addition to the
data points for the four solutions treated in Figs. 2 and 3, M,
for the solution of ¢ = 32 kg m™ separately prepared is
plotted in the figure. As seen, reproducibility is confirmed for
M. obtained in this study. A straight line with a slope of —1 is
also drawn in the figure to fit the data points. The slope of the
line is derived from the relation M, o c_l, which is well
known for concentrated polymer solutions [8, 19, 20]. Since
the line represents the c-dependence of M, well, as seen in the
figure, and the density of konjac glucomannan in the molten
state is assumed to be 1.0 x 10° kg m3, M e for konjac
glucomannan can be  estimated as M., at
¢ = 1.0 x 10° kg m > of the line to be 1.8 x 10*. It should
be noted that konjac glucomannan in the molten state is not
available actually [21]. However, it is possible to assume an
imaginary “molten state” of this polysaccharide. Based on
the fact that M, .,y is originally considered for amorphous
polymers in the molten state [22], we define the “molten
state” as an assembly of flexible polymer chains without
solvent molecules. There are no other experimental data on

slope = 2.3

N
T

log (Gy' / Pa)

[O%}
T
1

2 1
1 2 3

log (c/ kgm °)

Fig. 6 Double-logarithmic plot of G against ¢ for konjac gluco-
mannan solutions. The data points can be well fitted by a straight line
with a slope of 2.3
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Fig. 7 Double-logarithmic plot of M. against ¢ for konjac gluco-
mannan in solution. Straight line is best fitted to the data points with a
slope of —1. M, e for konjac glucomannan is determined as M, at
c=10° kg m>. A data point at ¢ = 32 kg m> (triangle) is added
to check the reproducibility

the conformation of glucomannan chains in the BmimAc
solutions, but the fact that the dynamic viscoelasticity shown
in Fig. 2 is very similar to those of solutions of flexible
polymers suggests random coil conformations [23]. Hence,
M pmere Obtained in this study by extrapolating M. for the
solutions to the density of glucomannan can be comparable
with M, e of amorphous polymers. Using the molecular
weight of the monosaccharide unit for glucomannan (M,,;,),
commonly 162 for glucose and mannose units, this value of
M. 1nere can be converted to the number of monosaccharide
units between entanglements (Nyy,;,) of 11. Here, it should be
mentioned that even though M,,,; is calculated taking acetyl
groups existing in konjac glucomannan at 1 group per 19
repeating units into consideration, the value of M, is
unchanged [24]. We would also emphasize that M, 1 and
Nunji for the imaginary “molten state” are basically intrinsic
properties for glucomannan chain and are independent of
solvent, although no comparison of M, e and Ny, values
can be made at present due to lack of available data using
other solvents.

The relationship between M, r and the molecular
structure has been investigated for a large variety of poly-
mers by several research groups but are still unsettled [25—
28]. In our previous study, M. mere (Or Nynip) for linear p-
glucans such as cellulose and amylose have been compared
in terms of the effects of the linkage between the repeating
monosaccharide units [26]. It has been found that the linkage
is influential on M, . Within the polysaccharides consisting
of the same monosaccharide unit of p-glucose. Regarding
the molecular structure, konjac glucomannan can be con-
sidered as a linear polysaccharide consisting of f-(1,4)-
linked p-glucose and p-mannose in the ratio of ca. 1:1.6.
Compared with cellulose, which is exclusively composed of

@ Springer

f-(1,4)-linked p-glucose, the repeating units of glucomannan
are partly substituted with b-mannose having the same M,;
and linkage. The values of M e = 1.8 X 10° and
Nunic = 11 for konjac glucomannan estimated in this study
are significantly smaller than those for cellulose (M. el
3.2 x 10°-3.5 x 10%; Ny 20-22) [13, 26]. This difference
can be attributed to the configuration of the repeating
monosaccharide units. It appears that the configuration of
the monosaccharide unit is also influential on M, e (or
Nunip) for linear polysaccharides. As far as we know, the
effect of configuration with regard to the relationship
between M. e and the molecular structure of polysaccha-
rides is first mentioned in the present study. Finally, it is
emphasized that comparison in terms of configuration under
the same M,,;; and linkage made in this study is character-
istic of polysaccharides, as well as our previous study for the
effect of the linkage between the same repeating units, and
that the information obtained in this study can make a
unique contribution to understanding the relationship
between M. e and the molecular structure.

Conclusion

Dynamic viscoelasticity as well as steady flow behavior
was examined for concentrated solutions of konjac gluco-
mannan in BmimAc. The rheological data indicates the
existence of entanglement coupling between konjac glu-
comannan without gelation in all the solutions examined.
The value of M, for konjac glucomannan in solution was
firstly determined from the rubbery plateau at each ¢ and
then M, por for konjac glucomannan in the molten state
was estimated to be 1.8 x 10° as one of the chain prop-
erties. It could be concluded that configuration of the
repeating monosaccharide unit is an important factor in
determining M, 1 for linear polysaccharides in compar-
ison with cellulose. Combination with other techniques for
examining chain properties such as chain stiffness might
enhance understanding of the relationship between M. per
and the molecular structure of polysaccharides. In this
study, konjac glucomannan was dried at 80 °C before
measurement, as mentioned above; it might be interesting
to investigate the effects of drying temperature on the
rheological properties in the future.
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