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Abstract: The rheological properties exhibited by gums make its use in applications interesting,
such as foods, cosmetics, enhanced oil recovery, or constructions materials. Regardless of application
field, the effect of temperature on these properties is of great importance, since these properties can
be modified and cause the gum not to be useful for those conditions. Diutan and rhamsan gums are
biopolymers, belonging to the sphingans, with similar structures which differ in the substituents of
their side chains. It is known that both gums exhibit suitable viscoelastic properties and flow behavior
when used as a stabilizer, gelling agent, or thickener. Both gums are widely used in food industry,
personal care products, construction materials, oil operations, etc. For this reason, to know the effect
of the temperature on their rheological properties is very helpful. For this purpose, small amplitude
oscillatory shear measurements and flow curves, as a function of the temperature from 10 °C to
60 °C, have been performed, and the results obtained for both gums compared. The obtained results
provide interesting information from an industrial point of view, since they reveal that the rheological
properties remained almost unaltered in the temperature range assessed with diutan gum aqueous
solutions, being slightly more viscous and viscoelastic than rhamsan gum solutions.
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1. Introduction

The rheological properties of macromolecular solutions are important in many industrial fields,
such as the food industry, pharmaceutical and cosmetics, in the paper industry, in enhanced oil recovery
(EOR), in water treatment, etc. Water-soluble polymers are used in these fields as thickeners, gelling
agents, texture modifiers, stabilizers, etc. [1,2]. In the particular case of EOR, they are added to control
mobility and reduce the permeability of the tank by increasing the viscosity of the injected water.

Hence, an important requirement for a potential polymer to be used in EOR is that the
polymer-water solution has favorable rheological behavior. Gum diutan and rhamsan gum belong
to that group of water-soluble polymers of high molecular weight. They are exopolysaccharides
(EPS) belonging to the sphingans, as well as gellan gum or wellan gum [1,3,4]. The basic
structure of all these polysaccharides is constituted by a tetrasaccharide repeat unit based on
B-D-glucose, -D-glucuronic acid, and «-L-rhamnose. Gum diutan, obtained by aerobic fermentation
of Sphingomonas S.PATCC53159, has this basic structure, and each glucosidic residue that is next
to a rhamnosil residue is substituted by two units of L-thamnose. Rhamsan gum differs from gum
diutan in the side chain substituents, which in this case is a disaccharide chain of 3-D-glucopyranosyl
or o-D-glucopyranosyl [5,6]. Both gums are non-gelling polysaccharides, unlike gellan gum, which

Fluids 2019, 4, 22; d0i:10.3390/ fluids4010022 www.mdpi.com/journal/fluids


http://www.mdpi.com/journal/fluids
http://www.mdpi.com
http://www.mdpi.com/2311-5521/4/1/22?type=check_update&version=1
http://dx.doi.org/10.3390/fluids4010022
http://www.mdpi.com/journal/fluids

Fluids 2019, 4, 22 20f8

belongs to the same family. It is precisely the difference in the side-chains responsible for it, namely
the occurrence of different side-chains’ influences on the behavior in aqueous media. Several studies
reveal that native diutan and rhamsan gum exhibit a double helical conformation, which is maintained
with the temperature as a consequence of their chains’ strength [6,7].

Regarding applications, rhamsan gum has wider applications in the food industry compared to
other sphingans, since it can tolerate high concentrations of sodium chloride and phosphates [8].
In general, they are used not only in the food industry but also in personal hygiene products,
in construction materials, in oil operations, etc.

Nowadays, it is not only important to know the rheological properties of these gums in solution
but also the modifications that these properties undergo when the temperature varies. This information
is of great interest in numerous industrial processes and in the conditions of use and application of
them. For example, in the food industry, sterilization, drying, extrusion, etc., are processes in which
temperature is of vital importance. In this work, the influence of temperature on the viscoelastic
properties and flow properties of aqueous solutions containing 1 wt % diutan gum or rhamsan gum
were studied in detail, establishing a comparison between both gums. In order to reach this objective,
stress and frequency sweep measurements and steady state tests were performed.

2. Materials and Methods

2.1. Materials

Diutan gum (CP Kelco 1A9722A) and rhamsan gum (OL9478A) used were cordially provided
by CP-Kelco (San Diego, CA, USA). Both gums exhibit high molecular weight. Their values and the
intrinsic viscosity values can be obtained from works published [6,7]. Sodium azide supplied by
Panreac was utilized as preservative. Distilled water was used as solvent.

The sample composition is shown in Table 1.

Table 1. Sample composition.

Ingredients wt %
Gum (Diutan or Rhamsan) 1
NaNj3 0.1
Water 98.9

2.2. Gum Aqueous Solutions’ Preparation

Batches of 250 g were prepared. In order to obtain the sample, the gum amount necessary was
added on the water containing sodium azide. The samples were homogenized by means of Ika-Visc
MR-D1 (Ika, Staufen, Germany), at 1000 rpm for 3 h. The samples were kept refrigerated at 5 °C for
some hours, and then they were stored at 25 °C.

2.3. Rheological Characterization.

The rheological tests were carried out by means of a controlled stress rheometer, Haake RS100
(Haake Thermo Scientific, Karlsruhe, Germany), using a serrated parallel plate geometry of 60 mm of
diameter to avoid wall slip effects and using a measuring gap of 1 mm. To control the temperature
(10°C, 25 °C, 40 °C, and 60 °C), a Julabo circulator thermostat was utilized.

In order to prevent the mechanical history effects due to the sample placing in the sensor system,
the samples were maintained at rest for 10 min before starting the measurements. To determine this
equilibration time, time sweeps were performed.

All tests were carried out at least three times. Fresh sample were used in each measurement.
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2.3.1. Stress Sweep Tests

To determine the linear viscoelastic region (LVR), stress sweep tests were carried out ranging from
1.0 Pa to 50 Pa, at 1 Hz.

2.3.2. Mechanical Spectra

The frequency sweep tests were performed from 0.01 to 10 Hz (0.0628 to 62.83 rad/s) at fixed
shear stress within the linear viscoelastic region.

2.3.3. Steady State Tests

The flow curves were carried out in the 10-40 Pa shear stress range using a step-wise method to
obtain the steady-state regime.

3. Results and Discussion

3.1. Influence of Temperature on the Linear Viscoelastic Region.

In order to study the viscoelastic behavior of gums studied, the linear viscoelastic regions were
determined. Figure 1a,b show the stress sweep results of diutan gum and rhamsan gum, respectively,
at the different studied temperatures (10 °C, 25 °C, 40 °C, and 60 °C). By increasing the stress,
two regions can be clearly differentiated: (a) the so-called linear viscoelastic region, in which G’
(storage or elastic modulus) and G” (loss or viscous modulus) remain practically constant, and (b)
the non-linear viscoelastic region in which viscoelastic functions begin to decrease. It must be noted
there was an increase of G” values before its decrease. This effect was observed in other systems and
it was attributed to the reorganization of the gum solution structure before the output of the linear
viscoelastic region [9,10].
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Figure 1. Influence of the temperature on the linear viscoelastic region of aqueous solutions containing
(a) 1 wt % diutan gum and (b) 1 wt % rhamsan gum.

The shear stress from which the modules cease to be constant is called critical stress (t¢), and it
corresponds to stress that leads to the first non-linear changes in the structure. As can be observed
in Figure 1, the G” values cease to be steady at smaller shear stress values than G’. For this reason,
it has been considered that the onset of the non-linear viscoelastic region begins when G” ceases to
be constant, particularly when the deviation of loss modulus becomes more than 5%. From Figure 1,
it can be stated that there is no influence of the temperature on critical stress values of diutan and
rhamsan gum aqueous solutions, being that these values are similar for both gums at 11.83 Pa and
11.68 Pa, respectively. Furthermore, it should be noted the broad extension of the linear viscoelastic
zone, which indicated a wide zone where the sample is not damaged, namely, high stability to shear.
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Regardless of temperature studied, G’ is greater than G” within LVR, which indicates that diutan
and rhamsan gum dispersions are more elastic than viscous. The complex module (G*) as a function
of the shear stress is shown in Figure 2 in order to better compare the level of viscoelasticity of both
polysaccharides. As can be observed, the values of G* were similar for both gums, however, they were
slightly greater for the diutan gum solutions.
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Figure 2. Comparison of the temperature effect on the linear viscoelastic region of the diutan gum
aqueous solutions and rhamsan gum aqueous solutions.

3.2. Influence of Temperature on the Mechanical Spectra

Frequency sweep tests have been carried out at a fixed shear stress within the linear viscoelastic
region, so that the sample structure is not damaged by the stress imposed during test.

Figure 3 shows the influence of the temperature on the mechanical spectra of diutan and rhamsan
gums, respectively. Both gums (Figure 3) exhibited storage module values (G’) higher than those of loss
module (G”) in the whole studied frequency range, with a small frequency dependence. According
to bibliography [11,12], the shape of these mechanical spectra makes clarification of the diutan and
rhamsan gum aqueous solutions as weak gels possible. In addition, no crossover point occurred.
For this reason, it can be affirmed the solid character is higher than liquid character in aqueous
solutions of these gums. This rheological behavior is characteristic of systems with a high degree of
internal structuring, and coincides with that presented by other hydrocolloids, such as Sterculia apetala
or striata [12,13]. Regarding temperature, Figure 3 illustrates the high thermal stability exhibited for
both diutan and rhamsan gum.
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Figure 3. Influence of the temperature on the mechanical spectra of (a) 1 wt % diutan gum and
(b) 1 wt % rhamsan gum.



Fluids 2019, 4, 22 50f8

In order to compare the results obtained for both gums, by way of example in Figure 4, the G" and
G” values at 1 Hz against temperature for diutan and rhamsan gums are shown. As can be observed,
the elastic module of diutan gum solutions was slightly higher than that of rhamsan gum solutions,
while the viscous module was clearly greater. Additionally, it is important to note that there was no
significant dependence on temperature in these results.
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Figure 4. (a) Elastic module and (b) Viscous module, at 1 Hz, against temperature for 1 wt % diutan
and rhamsan gum aqueous solutions. Additionally, standard deviation is plotted.

3.3. Steady State Measurements

The flow behavior of both gums is illustrated in Figure 5. These results pointed out the aqueous
solution containing 1 wt % of gum exhibited a shear thinning behavior, which was distinguished by a
fast decrease of the viscosity as shear rate increased. In addition, these samples exhibited a Newtonian
region at low shear rate, so-called zero shear viscosity, 1g. This result was due to the fact that at
low shear rate, polymeric molecules are disordered and partially aligned in the direction of the flow,
resulting in a greater interaction between them, and therefore, a higher viscosity. By increasing the
shear rate, the molecules were easily aligned, decreasing the physical interactions that occur between
adjacent polymer chains. A marked shear thinning behavior is very interesting, since it facilitates
pumping and imparts a finer consistency during swallowing if it is a food product [14]. The flow
curves were fitted to the Ostwald-de-Waele Equation with a high degree of satisfaction.

n=npy" !

where 1 is the viscosity, 11 is viscosity value at 1 s~1, v is the shear rate, and n is the index flow.
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Figure 5. Influence of the temperature on the flow curves of aqueous solutions containing (a) 1 wt %
diutan gum and (b) 1 wt % rhamsan gum.
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The fitting parameters revealed a tendency to increase the viscosity at 1 s~! for diutan gum
solutions, while this parameter remained unaltered for rhamsan gum solutions. Additionally,
this viscosity illustrated that aqueous solutions of diutan gum were more viscous than rhamsan
gum solutions. In both gums, the flow index was independent of the temperature in the range of
10 °C to 60 °C, and its value revealed the occurrence of a marked non-Newtonian character, which was
maintained in both cases when the temperature increased (Table 2).

Table 2. Fitting parameter to Ostwald—Waele model for aqueous solutions of diutan gum and rhamsan
gum. SD is standard deviation of the mean (n = 3) for n; and n.

Gum T (°C) n1 (Pa-s) SDny n SDn R?

10 23.67 0.22 0.05 0.01 0.999

Diutan G 25 24.41 0.16 0.05 0.00 0.999

tutan um 40 28.34 0.40 0.05 0.00 0.999

60 37.55 1.25 0.05 0.01 0.995

10 19.87 0.22 0.07 0.06 0.999

- G 25 14.89 0.37 0.09 0.03 0.998
amsan tum 40 20.32 0.01 0.08 0.00 1

60 19.55 0.51 0.12 0.03 0.999

3.4. Cox-Merz Rule

The steady state properties have been compared with dynamic properties using the Cox-Merz
rule. The apparent viscosity obtained from the flow curve, n, and the complex viscosity obtained
from low amplitude oscillatory tests, In*|, have been plotted against the frequency and the shear rate.
By way of example, the results are shown at a temperature of 60 °C, but similar results are obtained at
all the temperatures studied.

For both diutan gum and rhamsan gum (Figure 6a,b), In*| was slightly greater than 1. Therefore,
it can be deduced that the Cox-Merz rule is not met, even though the differences found between
both viscosities are very small. This means that the application of shear did not produce a significant

destruction of the structure.
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Figure 6. Apparent viscosity and complex viscosity versus shear rate and frequency of aqueous
solutions containing (a) 1 wt % diutan gum and (b) 1 wt % rhamsan gum. Temperature 60 °C.

It is important to mention that these relationships are valid only for some types of materials
or some ranges of conditions. It has been verified that it is satisfactorily fulfilled for polymers of
homogeneous solutions and molten polymers, and that it failed in some other cases, such as linear and
branched polyethylenes, block copolymers, and rigid molecules [15].
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Other microbial polysaccharides, such as Aeromonas gum [16] and xanthan gum [17] and aqueous
dispersions of exudates of gums [18], also demonstrated deviations from this rule. Clasen and
Kulicke [19] proposed that deviations from this rule arise from the formation of associations in the
relaxed state. In a shear test, the imposed shear stress destroys the intermolecular associations formed
when the sample is relaxed. In contrast, in an oscillatory test, the gum solution is subjected to a
sinusoidal shear stress within the linear viscoelastic range small enough so that these molecular
associations are not destroyed. For this reason, the apparent viscosity calculated from a destructive
test showed a lower value than the complex viscosity obtained from a non-destructive oscillatory test.

A comparison of results obtained for both gums does not provide additional information to that
obtained in previous sections, namely the aqueous solutions of diutan gum are slightly more viscous
and viscoelastic than those of rhamsan gum, and both solutions exhibit high thermal stability within
the temperature range studied (10-60 °C).

4. Conclusions

The stress sweep measurements carried out to determine the linear viscoelastic region for both
gums demonstrated the diutan and rhamsan gum aqueous solutions presented a high resistance to
the shear, since its linear viscoelastic region was wide. In addition, this region remained practically
unaltered, with temperature increase in the range of temperature studied (10-60 °C) being the critical
stress similar for both gum solutions.

In both cases, the mechanical spectra showed a typical behavior of weak gel, whose structure
remained thermally stable, although this stability was greater for the diutan gum than for the rhamsan
gum. The flow curves exhibited a strongly non-Newtonian behavior, whose pseudoplasticity was
maintained even at high temperatures. The viscosities at 1s~! of the diutan gum solutions showed
a slight tendency to grow with the temperature, while rhamsan gum solutions showed values of 11
practically independent of temperature. On the other hand, diutan gum solutions presented higher
values of viscosity.

Cox-Merz rule was not met. The viscous and elastic properties of diutan gum were higher than
those of rhamsan gum, although both properties were very stable against temperature.

The rheological properties showed by both biopolymers and their high stability with temperature
mean these gums have a great practical interest at the industrial level.
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