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The rheological properties (flow and viscoelastic) of barley j?-glucan in aqueous 
solution have been studied. The results shed light on the association behaviour of 
these macromolecules and even on the formation of network-like structures 
under certain circumstances. The concentrations used for this study were both in 
the dilute and in the semidilute regime, close to the critical value where overlap of 
macromolecular coils sets in. However, the association behaviour detected in 
such a regime and together with the present experimental techniques, agrees with 
previous results obtained with other techniques such as capillary viscometry and 
light scattering, which operate in the dilute solution regime, where no 
overlapping of the chains is expected. 

The influence of the molecular weight of the samples, the temperature and the 
ionic strength on the flow and oscillatory shear measurements has been studied. 
The preparation of samples and their thermal history have proved to be 
important factors in the development of associated structures, both affecting the 
results. 0 1997 Elsevier Science Ltd 

INTRODUCTION 

Barley (1+3),(1--+4)-j&D-glucan, for short referred to as 
/I-glucan, is the major component of the endosperm cell 
wall of this cereal. The viscosity of this polysaccharide 
in aqueous solutions can cause several problems in 
brewing (Bamforth, 1982), but it has been also suggested 
that the polymer could be used as a thickening agent in 
the food industry (McIntosh et al., 1991; Autio et al., 
1992). 

The viscosity of fi-glucan solution depends on its 
concentration and molecular weight, and also on its 
capacity to form macromolecular aggregates. fi- 
glucan is a linear chain of glucose residues, 
containing about 70% /I-(1+4) and 30% /I-( 1+3) 
links (Wood et al., 1994), in such a way that long 
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blocks of up to 14 adjacent fi-( l-4)-linkages exist, 
whereas the presence of contiguous /L( 1+3)-linkages 
has not been detected by the latest studies (Izawa et 
al., 1993). These long sequences of adjacent /I-(1+4)- 
linkages have been described as potential foci for 
aggregation between chains by hydrogen bonds 
(Fincher & Stone, 1986). 

Recent reports describe the tendency of the /I-glucan 
molecules to associate, suggesting models and 
mechanisms for the formation of aggregates. V&um et 

al. (1992) through results from assays of light 
scattering and HPSEC proposed that approx. 10% of 
the oat /I-glucan in aqueous solution forms labile 
aggregates. Grimm et al. (1995) by light scattering and 
viscometry on solutions of fi-glucan extracted from 
beer, proposed the formation of fringed micelles, with 
side-to-side aggregation of chains of molecular weight 
approx. 175000. On the other hand, Doublier and 
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Wood (1995) studied the viscoelastic behaviour of three 
samples of oat /?-glucan having different molecular 
weights and indicated that only for low molecular 
weights did the system display gel-like properties, 
owing to self-association through cellulose-like 
sequences. Our team (Gomez et al., 1997a) also found 
the presence of j&glucan aggregates in the analysis of 
barley fi-glucan samples by light scattering in batch 
mode and in their detection by the fluorimetric 
Calcofluor-FIA method. 

Results on aggregation of fi-glucans in solution are 
not conclusive. Further studies must be carried out 
to elucidate the mechanism of aggregation of 
different fi-glucan samples. Furthermore, no 
references in the literature have been found on the 
viscoelastic behaviour of barley /3-glucan solutions. 
The aim of this work was thus to investigate the flow 
and viscoelastic properties of barley /&glucans, 
according to their molecular weights. The influence 
of temperature on the rheological properties was also 
investigated. 

MATERIALS AND METHODS 

Preparation of solutions 

/?-glucan samples used in this work were those named as 
A, G and N in a previous paper (Gomez et al., 1997a). 
The physical characteristics of the samples are 
summarised in Table 1. Solutions were prepared by 
disolving the powdered /I-glucan in boiling water 
(Milli-Q grade) with magnetic stirring. All /?-glucan 
solutions were filtered through a 0.8pm nylon filter 
before analysis. The concentrations investigated were 
0.16%, 0.31% and 1.5% for samples A, G and N, 
respectively. 

Rheological measurements 

The rheological properties of b-glucan were analysed 
with a Rheometrics Fluid Spectrometer (RFS II, 
Rheometrics Inc., Piscataway, NJ) using a cone-plate 
device (cone angle 2”, diameter Scm). Measurements 
were carried out under steady shear and dynamic 
conditions at 25°C. Properties of samples G and N 
were also measured at 70°C. Viscoelastic 

measurements were performed in the frequency 
range lo-’ to lO’rad/s. The amplitude of 
deformation was chosen to remain within the 
linearity limits of viscoelasticity. No thixotropy (time 
dependence) was detected during reverse measuring 
of the shear rates. 

RESULTS AND DISCUSSION 

As can be seen from Table 1, all the samples used here 
had very different molecular weights, which explains 
that preparing all solutions at the same concentration 
was impossible. In order to take into account 
differences in the molecular weight of the different 
samples, directly related to their intrinsic viscosities [n], 
and thus to compare their rheological properties, the 
concentrations have been chosen such that all samples 
were placed in equivalent conditions regarding 
macromolecular overlap, that is to say, fixing the same 
c[qJ for all the samples. The reduced polymer 
concentration c[q] corresponds to the volume filled in 
solution by the polymer. 

The overlap threshold concentration, c*, 
corresponding to the crossover between dilute and 
semidilute solutions, is given by (de Gennes, 1979): 

C*EM/V 

where M is the molecular weight and V is a measure of 
the macromolecular volume. Usually, V is replaced by 
the hydrodynamic volume, WV], This leads to: 

According to Graessley (1980) the overlap 
concentration is given by the relation c*[n] = 0.77. Two 
different c[rlj values have been chosen in this study 
(c[+O.84 for samples A and G and 0.42 for sample 
N), the first value being at the beginning of the 
semidilute regime, and the last one being in the dilute 
regime. 

Flow hehaviour 

Figure 1 shows the flow curves at 25°C of a sample A 
solution at 0.16% and of a sample G solution at 
0.31%. Both curves show typical shear-thinning 
behaviour. However, a newtonian regime was not 

Sample 

Table 1. Characteristics of tbe barley j.Cglucan samples (Gbmez et al., 1997a) and concentrations used 

Impurities Mw (x 10-3) Mw/Mn Intrinsic Concentration Reduced 
(dry basis, %) viscosity [7j], c, (g/l 00 ml) concentration 

Cdl/e) +I 

A 

G 
N 

Protein, 1.50 
Starch, 1.30 
Negligible 
Negligible 

573 1.18 5.19 0.16 0.83 

231 1.41 2.76 0.31 0.85 
9.2 1.10 0.28 1.5 0.42 
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Fig. 1. Flow curves of barley /I-glucan solutions of samples A (0.16%, black circles) and G (0.31%, white circles). Temperature: 

25°C. 

reached at lower shear rates, but instead a sharp 
increase in apparent viscosity occurred when the shear 
rate decreased. For the highest shear rates, the 
apparent viscosity reached a plateau. Thus, the value 
of apparent viscosity started at high values at low shear 
rates and dropped lOO-fold down to the plateau value. 
It must be noticed that both curves were very close to 
each other: indeed, whereas the concentration of the 
solutions was different, their reduced concentration 
was the same (0.84). The same global trend was 
observed for the N sample solution at 1.5% and 25°C 
(Fig. 2) whereas in this case, the concentration was 
such that the measurement was made in the dilute 
regime. However, at low shear rate, the apparent 
viscosity value was very close to that obtained for the 
A and G samples. 

The very high initial apparent viscosity and its 
drastic decrease with increasing shear rates can be 
ascribed to the existence of a structuration (presence 
of particles or network formation) in the solution. 
This structuration would be progressively disrupted 
by the increasing shearing forces, until a new state is 
reached in the plateau region. It must be pointed 
out that similar observations have been performed 
by Doublier and Wood (1995) on hydrolyzed oat 
gum rich in /I-glucans with intrinsic viscosities in the 

same range as those of the samples used in this 
study. It is then possible to attribute the origin of 
the solution structuration to associations between jl- 
glucan chains, an association which is labile and 
stress sensitive, which can be disrupted by 
mechanical shearing, the links created by the 
association being temporary. In the solution at rest, 
they could dissociate and reassociate freely giving an 
equilibrium structure, but in the highly sheared 
solution there is not enough time for the links to 
reform. Thus, there would be a transition from a 
solution with a developed structure to a solution 
with such structure relaxed on shearing. 

The effect of the temperature on the flow curve 
has been determined for the lowest molecular weight 
j?-glucan at the same concentration (sample N 1.5%, 
Fig. 2). The same global trends are obtained at 70°C 
when compared with the flow curve obtained at 
25°C. At 70°C the apparent viscosity at low shear 
stress exhibited a higher value than that of the same 
sample at 25”C, which indicates that the association 
level is enhanced by an increase in the temperature. 
This result agrees with those obtained by light 
scattering of barley j$glucan in a previous paper 
(Gomez et al., 1997a) and with the behaviour 
reported by Chambers et al. (1994), who described 
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Fig. 2. Flow curves of barley /I-glucan solutions (1.5%) of sample N at 25°C (black circles) and 70°C (white circles). 

the formation of aggregates on heating a K- 

carrageenan solution. On the other hand, the 
plateau obtained at 70°C at high shear rates was at 
lower viscosity values than at 25”C, which indicates 
that the association formed at high temperatures are 
more stress sensitive than those formed at 25°C. If 
the associating structure of jl-glucan solutions is 
relaxed by shearing (here, at the high shear rates 
corresponding to the plateau region), then the same 
can be said when the solutions are studied to 
determined their intrisic viscosity. In the capillary 
viscometer used for such a purpose (Gomez et al., 
1997b), the shear rates are even higher (of the order 
of 103s-i) so that the argument of a shear-induced 
relaxation of associating structures can be used also 
to explain why a good correlation between intrinsic 
viscosities and molecular weight could be obtained 
in the cited work. 

Viscoehstic behaviour 

Figure 3 shows the mechanical spectrum of a sample 
A solution at 0.16% and 25°C. Storage modulus 
(6) was over loss modulus (G”) over the whole 
frequency range and both moduli presented a slight 
dependence upon the frequency (o), more important 
for G” than for G’. Furthermore, at low frequency, 

G’ reached a constant value of approx. 0.02Pa. This 
indicates that the system has a solid-like behaviour, 
the structure resulting from intermolecular 
interactions. From the very low G’ value obtained, it 
can be said that the gel formed has a very tenuous 
structure. This behaviour is consistent with the 
shape of the flow curve obtained for this sample 
under the same conditions. A plateau in G’ was also 
observed in mechanical spectra of oat fi-glucans by 
Wikstriim et al. (1994) and in mechanical spectra of 
hydrolysed oat gum of lower intrinsic viscosities by 
Doublier and Wood (1995). In addition, they 
observed a crossover between G’ and G” at high 
frequency. 

Figure 4 shows the viscoelastic spectra of sample N at 
1.5% at 25 and 70°C. At 25”C, the spectrum was 
different from that observed for sample A. Indeed, G’ 
and G” were both highly dependent on the frequency 
(w). At high frequency, G’ was higher than G”; a 
crossover between both moduli occurred at a certain 
frequency value and at lower frequency G” was higher 
than G’, with a frequency dependence of G’ as w2 and of 
G” as w. This behaviour is typical of that of a 
macromolecular solution without any structuration and 
has also been observed by Autio (1988) and by Doublier 
and Wood (1995) for unhydrolysed oat gum. This 
typical solution behaviour appears in contradiction with 
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Fig. 3. Storage modulus (black circles) and loss modulus (white circles) as a function of frequency of a 0.16% barley /3-glucan 
solution of sample A. Temperature: 25°C. 

the result obtained by flow experiments on the same 

sample. An increase in the apparent viscosity at low 
shear rate was observed, whereas for macromolecular 
solutions, a constant value of the apparent viscosity is 
normally reached in the low shear rate range, 
corresponding to the newtonian viscosity. 

An increase in temperature produced dramatic 
changes on the viscoelastic properties of the system. 
Indeed, at 7O”C, the behaviour is close to that observed 
for sample A at 25”C, with G’ over G” at low frequency 
and G’ reaching a constant value in this zone; it means 
that a weak gel structure has been formed by 
increasing the temperature and this was also observed 
for sample G, having a molecular weight substantially 
higher (Fig. 5). This observation is consistent with the 
results obtained by flow experiments, where a higher 
apparent viscosity value was reached at low shear rates 
at 70°C than at 25°C. It must be noticed that the G’ 
value obtained at the plateau in the low frequency 
range is approx. 0.3 Pa, higher than the value obtained 
for sample A, whereas the concentration of sample N is 
in the dilute regime and not in the semi-dilute one as 
for sample A. Furthermore, it seems that a crossover 
between G’ and G” could occur at a frequency higher 
than 102rad/s for sample N at 70°C. 

It appears then from these results that samples of 

different molecular weights can form weak gel structure 
in different temperature conditions. Association between 
chains and the eventual development of a tenuous gel can 
occur by physical links between adequate fragments of 
the chains. These fragments are probably short sequences 
of units, so that it is possible to find several sequences in 
any chain, even the shortest ones. The associating 
capability would thus be the same regardless of chain 
length, since every chain would have along its backbone 
enough such fragments to form several links. Even the 
participation of two consecutive fragments of a given 
chain in the formation of two links would be easier for 
the shorter chains because, once a link is formed, the 
rearrangement of the remaining chain to form another 
link would be easier for a short chain than for a long one. 
This would serve also as an explanation for the higher 
tendency to association which has been attributed in the 
literature to the higher mobility of the chains of lower 
molecular weight of j&lucan, as reported by Doublier 
and Wood (1995) in oat gum solutions. 

The exact mechanism of interaction which governs the 
formation of links between chain fragments is an open 
question. The fragments could consist on (l-+4) 
sequences, cellulose-like structures which are prone to 
crystallisation (F&her & Stone, 1986). But, if this were 
the mechanism, then raising the temperature would lead 
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Fig. 4. Storage moduli (black symbols) and loss moduli (white symbols) as a function of frequency of 1.5% barley /3-@can 
solutions of sample N at 25°C (circles) and 70°C (triangles). 

to the ‘melting’ of such crystallizable sequences and thus 
to a lower level of association. An opposite phenomenon 
was observed here. Our observation agrees with the 
results of light scattering experiments performed on 
dilute solution. First, let us explain that light scattering 
results can be disturbed by association, as has been 
reported by several authors (Xrum et al., 1992; Berth et 
al., 1994; Lang & Burchard, 1993), or can be free of such 
disturbance, depending on the operational mode of the 
technique. When light scattering was used as detector in 
a chromatographic line (that is, with the solution 
flowing inside a capillary tube), no disturbance due to 
association was detected. Namely, the angular 
dependence of scattered light was moderate, and the 
results regarding molecular weight and radius of 
gyration were reproducible. However, when light 
scattering was used in batch mode (static solutions held 
in vials) the angular dependence was steep with 
curvatures leading to extremely high and non- 
reproducible molecular weights, as well as to negative 
second virial coefficients (Gomez et al., 1997a). These 
same solutions, contained in vials, when studied at 
higher temperature (70°C) gave much larger intensities 
of scattered light at all angles than at 25°C thus 
indicating the existence of much larger species at high 
temperatures. 

Another possible mechanism of interaction 
responsible for the aggregation could be hydrogen 
bonding between /I-glucan fragments. It is known that 
increasing the temperature destroys hydrogen bonds. 
However, in the solution most of the hydrogen bonds 
present are water-water, next come the water-+glucan 
hydrogen bonds, and finally the tiny number of 
hydrogen bonds between /I-glucan chains (which are 
scarce and, at most, represent only a few percent of the 
total mass). Thus, the overall number of hydrogen 
bonds diminishes on increasing temperature, but it is 
perfectly possible that the detailed balance could lead 
to an increase of those hydrogen bonds between /I- 
glucan fragments while the other types decrease. 

To try to elucidate the aggregation phenomenon, the 
effect of salt addition to /?-glucan solution was 
investigated. On Fig. 6 are shown the mechanical 
spectra of a solution of sample N at 1.5% in water and 
in 1.5% NaCl at 25°C. The presence of NaCl induced a 
transition of the system from a system with gel-like 
properties to a macromolecular solution. The change 
obtained could be related to the second mechanism 
described previously. According to this mechanism the 
aggregation would be produced by the formation of 
hydrogen links between /I-glucan chains. In this case, 
the salt would weaken the hydrogen bonds, decreasing 
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Fig. 5. Storage moduli (black symbols) and loss moduli (white symbols) as a function of frequency of 0.31% barley fl-glucan 
solutions of sample G at 25°C (circles) and 70°C (triangles). 

the structuration degree in the solution so that we 
obtain a spectrum typical of a macromolecular 
solution. Wikstriim et al. (1994) also observed strong 
changes in the viscoelastic properties of the oat /I- 
glucan system in the presence of salt. 

By comparing Fig. 4 and Fig. 6, it can be seen that the 
behaviour of the same sample in the same ionic and 
temperature conditions can be very different from one 
experiment to another (macromolecular solution or weak 
gel behaviour). After having carried out many series of 
experiences with different samples of fightcans, we have 
detected considerable deficiencies in reproducibility of the 
mechanical spectra. We have reported here the more 
consistent results. The problems of reproducibility seem to 
be related to the mechanical and thermal history of the 
product (storage, waiting time before analysis,. . .). Indeed, 
sample N stored at 4°C and analysed at 25°C leads to the 
curves shown in Fig. 6, quite different from that shown in 
Fig. 4, for which the sample was stored at 20°C. 

As a conclusion, barley fightcan in water appears to 
form structured solutions owing to some aggregation 
mechanism involving temporary links between short 
chain fragments. This structuration has the following 
features: (a) it occurs both in the low and high 
molecular weight samples; (b) it is stress sensitive and 
relaxes upon shearing; (c) it can give rise to a tenuous 

gel-like behaviour in dynamic experiments; (d) this 
tenuous gel-like behaviour can be destroyed by added 
salt; (e) upon heating, the structuration appears to be 
more developed at high temperatures than at room 
temperature. However, the reproducibility of features 
(c) and (d) is very much affected by the sample history, 
which suggests the need for further study. 
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