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Abstract

The rheological properties of six mucilage solutions (Guar Gum, Locust Bean
Gum, Tamarind Gum, Flaxseed Gum, Artemisia Sphaerocephala Krasch Gum
and Cassia Gum) have been examined. It was found that all six gums could be
classified into three different types according to the changes of viscosity with
increasing shear rate. Steady shear viscous properties in a range of shear rate
from 0.1 to 100 s™' were investigated in the provision of mucilage concentra-
tion, pH, temperature and salts. A non-Newtonian shear-thinning behavior
was observed. The data of viscosity-shear successfully correlated Power law
model. Apparent viscosity was apparently dependent on mucilage concentra-
tion increasing significantly as mass fraction went up. A marked dependence
of viscosity on temperature was also observed; as temperature increased, the
viscosity decreased sharply. The value n of flaxseed gum is minimum, which
means it behaves the greatest shear-thinning properties. Both Guar gum and
Tamarind gum possessed better acid-proof and alkali-proof advantages. The
flow activation energy of ASKG is 4.3 kcal which is higher than other gums so
that the influence of temperature on characteristics of viscosity is stronger.
The mechanical spectra in the linear viscoelasticity region were studied in the
temperature range from 20°C to 90°C, at a frequency range from 0.1 to 10 Hz.
It was observed that Both elastic modulus G' and viscous modulus G" beha-
viors were found to be dependent on temperature and frequency. What have
been investigated in this work could provide guidance for practical applica-
tion in the field of food industry.
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1. Introduction

Natural gums are polysaccharides consisting of multiple sugar units linked to-
gether to large molecules. They have diverse applications as thickeners, emulsifiers,
viscosifiers, sweeteners etc. [1]. The term “gum” is used to describe a group of
naturally occurring polysaccharides that come across widespread industrial ap-
plications due to their ability either to form the gel or make the viscous solution
or stabilize the emulsion systems [2]. Nowadays, due to the rapid rise in the con-
sumption of ready-made meals and novelty foods, the use of gums in food prod-
ucts is steadily increasing [3]. Hence, there has been increased interest studying
on the physical and functional properties of gums.

The natural gums are categorized based on their origins, behaviors and chem-
ical structures. Gums are known as complex polysaccharides from various sources,
e.g. plant seeds, plant exudates, tree or shrub exudates, sea weed extracts, bacteria,
and animal sources [4]. A large number of plants can produce the complex poly-
saccharides commercially known as “plant-based gums” [5]. Plant gums are the
polysaccharides originated from various parts of plant. There are a large number
of plant species that are being “cultivated” and capable of producing gums which
can be implemented in the food industry as additives [6]. Plant gums have more
advantages than the other gum from animal and microbial sources, due to the
friendly image toward consumers [7]. Recently, there has been increased interest
in the physical and functional properties of plant gum exudates and seed gums
[8]. From the earliest years until now, hydrophilic polymers of plant seeds are
essential for the well-being of humankind, especially as a source of food and medi-
cation [9]. The most popular gums utilized in different fields are mainly ex-
tracted from plant seeds.

Food gums are used in many formulations for their viscosity-imparting effect
on aqueous media, providing acceptable texture to food products [10]. All these
properties result from a balance between water-gum interactions and intermo-
lecular, which could be demonstrated by its rheological properties. Previous re-
searchers have studied the rheological properties of a few plant-based seed gums
such as guar gum [11], locust bean gum [12]. However, these researches lack
comprehensive study of rheological properties of plant-based seed gums such as
temperature sweep and the elements influencing its rheological properties. What’s
more, the study of analyzing the reason causing different rheological properties
between various plant-based seed gums hasn’t conducted. Thus, the rheological
properties of six plant seed gum polysaccharides were studied.

According to the factors of popularity, application, price and commercial val-
ues, we selected six plant-based seed gums (Guar Gum, Locust Bean Gum, Ta-
marind Gum, Flaxseed Gum, Artemisia Sphaerocephala Krasch Gum and Cassia
Gum) to explore the generality and particularity between various plant-based seed
gums so as to attain the desired functional properties as well as to provide guid-
ance for practical application in the process of food production.

In this work, we comprehensively studied the rheological properties of six
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plant-based seed gums.

The aim of this research is to demonstrate the different rheological properties
of Guar Gum, Locust Bean Gum, Tamarind Gum, Flaxseed Gum, Artemisia Sphae-
rocephala Krasch Gum and Cassia Gum for their further application in food in-
dustry.

2. Materials and Methods

2.1. Materials and Sample Preparation

The dry powders of six plant-based seed gums (Guar Gum, Locust Bean Gum,
Tamarind Gum, Flaxseed Gum, Artemisia Sphaerocephala Krasch Gum and Cas-
sia Gum) were purchased from Hennan Huayue chemical products Co., Ltd. (Chi-
na). Aqueous solutions of six plant-based seed gums were prepared by carefully
adding the required amount of dry powder into a vortex formed by mixing with
a mechanical stirrer continuously for 30 min at a constant temperature of 60°C.
After stirring, the samples were stored at 25°C for 4 h for further hydration.
Then, the samples were stored at 4°C to prevent degradation due to bacterial

growth. All tests were completed within 24 h after sample preparation.

2.2. Rheological Measurements

Rheological measurements of the six plant-based seed gums were performed us-
ing MCR101 (Austria) rheometer with parallel plate measurement system. The
temperature was controlled by a water bath connected to the Peltier system in
the bottom plate. A steel cone geometry (50 mm diameter, 47 um gap) was cho-
sen for the rheological measurements. The rheological measurements include
steady-state rheology analysis, effects of concentration, temperature, PH, salt on
viscosity and dynamic rheological experiment. Three replicates are carried out in

the experiments.

2.2.1. Steady-State Rheology Analysis

The flow curves of the six plant-based seed gum samples were studied at 25°C
over the shear rate range of 0.1 - 100 s™' to measure the apparent viscosity. This
shear rate range covers the flow of a number of non-Newtonian fluid foods in
many food operations [13]. The steady-state relationship between shear stress

and shear rate of food materials is expressed in terms of Power law model:
r=k" (1)

where 7 is the shear stress (Pa), y is the shear rate (s™), K is consistency index
(Pa-Sn), and nis the flow behavior index(dimensionless).

Power Law fluids can be subdivided into three different types of fluids based
on the value of their flow behavior index: 12 < 1 pseudoplastic fluid or shear-thinning
fluids, n = 1 Newtonian fluid (where apparent viscosity is constant regardless of

imposed stress) and n > 1 dilatant or shear thickening fluids.

2.2.2. Effect of Concentration on Viscosity
The effect of concentration on apparent viscosity of each gum was measured by
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steady shear rheological measurements in concentrations of 0.1%, 0.3%, 0.5%,
1%, 1.5% and 2% (w/w) respectively. Averages of three repeat experiments were

considered for data analysis.

2.2.3. Effect of Temperature on Viscosity

Solution samples were loaded onto the plate of the rheometer and were equili-
brated at 20°C. The samples were then heated from 20°C to 90°C at a rate of
5°C/min. The relationship of viscosity with temperature of fluid food is taken to
satisfy the Arrhenius relationship:

n= er(Ea/R) (2)

where, 7, is the frequency factor (Pa-Sn), Ea represents the activation energy
(KJ/mol), R is the gas law constant (R = 8.314 J/mol-K), and 7 is the absolute
temperature (K). The flow activation energy is calculated using the Arrhenius

equation.

2.2.4. Effect of pH on Viscosity

The initial pH values of the solutions were adjusted to 2, 4, 6, 8, 10, and 12 for
each sample by adding either HCI (0.1 mol/L) or NaOH (0.1 mol/L) when re-
quired. Then, the apparent viscosity was tested at 25°C. Each sample was meas-

ured in triplicate to ensure quantitative accuracy.

2.2.5. Effect of Salt on Viscosity
To study the effect of salt on viscosity of gums, the amounts of NaCl, CaCl were
added at a range of 0.2 - 2 g/dl and completely dissolved as well. All tests were

performed at 25°C. Three replicates were carried out in the experiments.

2.3. Dynamic Rheological Experiment

The viscosity properties of food are determined by the dynamic rheological ex-
periment. G' is storage modulus expressing the elastic of food, loss modulus G"
expresses the viscous of food. The experiments were performed at least in tripli-

cate. Loss tangent tan d= G"/G".

2.3.1. Temperature Sweep Measurements

Solution samples were loaded onto the plate of the rheometer and were equili-
brated at 20°C. The samples were then heated from 20°C - 90°C at a rate of
5°C/min and held at 90°C for 20 min and then cooled to 20°C. These cooled
samples were equilibrated at 20 for 10 min. The tests were performed at a fre-
quency of 1 Hz. The amplitude of the strain in these tests was selected to be 1%
according to the strain sweep results (date not shown) in order to be within the

linear viscosity region.

2.3.2. Frequency Sweep Measurements
The frequency sweep tests were performed at 25°C over the angular frequency
range of 0.1 - 10 rad/s. The strain amplitude for the frequency sweep measure-

ments was selected as 1%.
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2.3.3. Time Sweep Measurements
The time sweep tests were measured at 25°C at the range of 0 s - 2000 s to ob-
serve the complex modulus changes. The strain amplitude was selected to be 1%

in the linear viscosity region.

2.4. Statistical Analysis

All the experiments were performed on triplicate samples and values were ex-
pressed as mean values + SD. Differences between mean values were conducted
using the one-way analysis of variance (ANOVA) by SPSS 19.0 software. Differ-

ences were statistically significant at p < 0.05.

3. Results and Discussion

3.1. Steady-State Rheology Analysis

As shown in Figure 1. The apparent viscosity of all the samples decreases with
increasing shear rate, which show that all the samples have shear-thinning beha-
viors at different levels. This phenomenon could be caused by the disruption of
molecular entanglements with the increase of shear rate. Similar observations
were reported by Amira et al. [14] and Yong W et al. [15]. This behavior could
be related to the variety, M/G ratio or difference in molecular weight. It was re-
ported that a solution’s viscosity mainly depends on its molar mass [16]. The
Flaxseed gum and Locust bean gum samples show the highest apparent viscosity

throughout the whole shear rate range in, followed by Guar gum and Tamarind

10000

1000

100

10

Viscosity (Pas)

0.1+ T T T T T T T T T 1
0 20 40 60 80 100

Shear rate (s™)

Figure 1. Apparent viscosity flow behavior for six gum solutions versus shear rate ramps
(1% w/w, 25°C) (FG—fuar gum, LBG—locust bean gum, TG—tamarind gum, GG—guar
gum, CG—cassia gum, ASKG—artemisia sphaerocephala krasch gum).
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gum. The Artemisia Sphaerocephala Krasch gum and Cassia gum were the least
viscous. This means the first two varieties could behave higher viscous at low
concentration. Based on the flow curve of six-plant based gums, they could be sub-
divided into three different types, which can be considered during the process of
ready-food production. Thus, the Flaxseed gum and Locust bean would have an
advantage in the provision of viscosity.

The difference of apparent viscosity between six-plant seed gums is mainly
related to their Molecular weight as well as the ability to interact with water to
form molecular entanglements. The flaxseed gum consists of protein, polysac-
charides which include rhamnose, xylose and galactose [17]. So, the high appar-
ent viscosity of flaxseed gum could be expected due to the presence of protein in
polysaccharides increased the viscosity of the protein-polysaccharides mixture
solution.

The plot of the shear stress versus shear rate is shown in Figure 2, which in-
dicates that the flow behavior of six plant-based gum solutions can be described
by a non-Newtonian profile characterized by an index less than 1 (thinning flu-
id). The shear thinning region of the flow curves were fitted to Power Law model
and the rheological parameters for viscosity are shown in Table 1. The Kvalue is
a reflection of the apparent viscosity and the n value is the reflection of the
shear-shinning properties [18]. The results indicates that the flaxseed gum solu-
tion has the highest KX'value and the lowest n value, which means that the sample
has the highest viscosity and the greater shear-thinning properties at concentra-

tion of 1%. While Artemisia Sphaerocephala Krasch gum has the lowest K value

1000

100

Shear stress (Pa)
)

0.1 . , . , . , . : . ,
0 20 40 60 80 100

Shear rate (s™)

Figure 2. Shear stress flow behavior for six gum solutions versus shear rate ramps (1%
wiw, 25°C).
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Table 1. Power law parameters of apparent viscosity.

Variety K n R?
Flaxseed Gum 15.046 0.283 0.9579
Locust Bean Gum 11.577 0.308 0.9664
Tamarind Gum 12.87 0.497 0.9892
Guar Gum 1.671 0.466 0.9876
Cassia Gum 0.468 0.731 0.9966
Artemisia Sphaerocephala Krasch Gum 0.102 0.925 0.9915

and the highest n value, this is to say that the apparent viscosity of ASKG has lit-
tle changes with increasing shear rate.

3.2. The Effects of Concentration, Temperature, PH,
Salt on apparent Viscosity

Rheological behaviors are directly related to the structural features. The mass
fraction plays a vital role affecting the apparent viscosity of six gums. As can be
seen from Figure 3, the apparent viscosity of all six plant-based seed gums in-
creases a lot as the mass fraction goes up, which could be explained that the in-
crease in mass fraction strengthened hydrogen bond force between molecules
and enhanced the fluid movement resistance. Therefore, the viscosity of six gums
rose with the increase of mass faction at same shear rate. What shown in Figure
3 could be divided into three groups (Group 1, Group 2, Group3), which is con-
sistent with the study of flow curves above. It can be inferred that the structural
features made a great contribution to this phenomenon.

As the concentration of flaxseed gum and locust bean gum is less than 0.3%,
its viscosity keeps invariable with raising shear rate exhibiting the characteristics
of Newtonian fluid (Figure 3(a), Figure 3(b)). While the concentration is higher
than 0.3%, the apparent viscosity decreased with the shear rate increasing showing
the pseudoplasticity of shear thinning. However, for guar gum and tamarind
gum (Figure 3(c), Figure 3(d)), they appear the trait of Newtonian fluid when the
concentration is under 0.5%. For cassia gum and Artemisia Sphaerocephala Krasch
gum (Figure 3(e), Figure 3(f)), the viscosity of all different concentrations has
barely changed with shear rate.

The relationship between apparent viscosity and temperature of six types of
gums is shown in Figure 4, which clearly shows that temperature has a signifi-
cant effect on the apparent viscosity of different gums. As demonstrated in Fig-
ure 4, the apparent viscosity of six gums decreases with close rate at different
extent as the temperature goes up. This can be explained that the increase of
temperature has intensified the molecular Brownian motion, which generated
the space between molecules expanded as well as more difficult to form network
structure. Consequently, the apparent viscosity has been reduced. The apparent
viscosity of Flaxseed gum and Locust bean gum has little changes with increas-

ing temperature; this is to say they have better thermal stability, which could be
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Figure 3. Effect of different concentration on apparent viscosity of six plant-based seed gums. ((a) Flaxseed gum; (b) Locust bean

gum; (c) Guar gum; (d) Tamarind gum; (e) Cassia gum; (f) Artemisia Sphaerocephala Krasch gum. Group 1-((a),(b)), Group

2-((c),(d)), Group 3-((e),(1))-
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Figure 4. Effect of temperature on apparent viscosity of six plant-based seed gums.

Table 2. Arrhenius equation parameters of apparent viscosity.

Flaxseed  Locust Tamarind Guar . Artemisia Sphaerocephala
Cassia Gum
Gum Bean Gum  Gum Gum Krasch Gum
Ea(kcal) 1.37 1.44 2.15 2.41 3.71 4.30
R? 0.9906 0.9930 0.9978  0.9961 0.9996 0.9946

applied to food products with high demand for little viscosity changes at a wide
range of temperature. Compared with FG and LBG, Guar gum and Tamarind
gum have worse thermal stability. The apparent viscosity of Artemisia Sphaero-
cephala Krasch gum and Cassia gum had been affected severely with the change
of temperature.

The flow activation energies (Ea) of six plant-based seed gums are calculated
by the equation Jogn = logn, + Ea/RT. Eaand R’ are showed in Table 2. The flow
activation energies of six plant-based seed gums were different significantly. A
higher Fa means a more rapid change in viscosity with temperature [19]. As can
be seen in Table 2, Artemisia Sphaerocephala Krasch gum has the largest flow
activation energy, which illustrates that the apparent viscosity of ASKG can be
affected easily with the change of temperature. This can be demonstrated that
ASKG is a complex colloidal mixture and with the increase of temperature, the
forces between molecules were destroyed contributing to the rapid decrease in
viscosity.

The effect of pH on the steady-shear viscosity is shown in Figure 5. From the
figure, it is clear that pH has a various impact on apparent viscosity of six plant-based
gums. The flaxseed gum solution showed the highest apparent viscosity at pH4,
and then decreased gradually (Figure 5(a)). The apparent viscosity of locust
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Figure 5. Effect of PH on apparent viscosity of six plant-based seed gums. ((a) Flaxseed gum; (b) Locust bean gum; (c) Guar gum;
(d) Tamarind gum; (e) Cassia gum; (f) Artemisia Sphaerocephala Krasch gum).
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bean gum goes up firstly then declined reaching its peak at pH 6 (Figure 5(b)).
For Guar gum and Tamarind gum, pH has a little effect on their apparent vis-
cosity which shows they possess better property of resisting acid and alkali
(Figure 5(c), Figure 5(d)). The effect of pH on Cassia gums viscosity is obvious
compared with other gums (Figure 5(e)). The viscosity of Cassia in terms of pH
6 - 12 is much higher than pH 2 - 6. We assume with the decrease of pH, the
concentration of H+ in the solution getting escalated, the combination between
H+ and anionic groups reduced the dissociation of polymer resulting in weaker
charge rejection, macromolecular chain curl and solution viscosity decrease. The
change of pH also has limited impact on the apparent viscosity of ASKG (Figure
5(f)), which is consistent with previous study [20]. On average, all plant-based
seed gums have an advantage of resisting acid and alkali except Cassia gum.

The effect of salt type (NaCl & CaCl,) on rheological properties of six plant-
based seed gums was investigated and the experimental results regarding the ef-
fect on apparent viscosity are shown in Figure 6. In general, the apparent vis-
cosity of six gums goes down with the increase of salt concentration, especially
for CG and ASKG (Figure 6(e), Figure 6(f)). This may be due to the internal
structure of CG and ASKG were damaged with the addition of salt. It should be
noted that the variety of salt has different impact on each gum. The specific me-
chanism of interaction between salt and gum solutions need be investigated fur-
ther.

3.3. Dynamic Measurement Analysis

The region that complex modulus G* does keep consistent with the oscillation
changes is named viscosity region [21]. 2% strain was used to determine the
rheological properties of six gum samples. All mechanical spectra (G', G" func-
tion of temperature sweep) of oscillatory dynamic tests for 2% gum solutions are
represented in Figure 7. As can be observed, all of the dynamic storage modulus
G', and the loss modulus G" show a dependency on the temperature. Both of
them showed a downward trend in the wake of the increase of temperature. At
the range of temperature from 20°C to 90°C, the Storage modulus G' of flax-
seed gum and locust bean gum always superior to Loss modulus G" according to
the value of tan J, which means that the elastic response to temperature sweep is
continuously higher than the viscosity response. In this case, the system behaves
as a solid. However, the Storage modulus G' of guar gum and tamarind gum is
higher firstly at 20°C - 65°C than Loss modulus G", then become lower at the
range of 65°C - 90°C.this is to say that the mucilage solution system of CG and
TG show changeable viscosity properties along with the change of temperature.
The tan J value of Cassia gum and Artemisia Sphaerocephala Krasch gum is al-
ways above 1, which indicates that at this range of temperature and mucilage
concentrations, mucilage solutions will show mainly viscous properties instead
of an obvious tendency to form a gel.

Figure 8 shows the variation in storage modulus G' and Loss modulus G"
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Figure 6. Effect of Salt on apparent viscosity of six plant-based seed gums. ((a) Flaxseed gum; (b) Locust bean gum; (c) Guar gum;
(d) Tamarind gum; (e) Cassia gum; (f) Artemisia Sphaerocephala Krasch gum).
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Figure 7. Temperature sweep (G', G", tan J) of six plant-based seed gums.
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with frequency at 25°C for 2% mucilage solutions. It can be noticed that the
elastic modulus G' for four gums (flaxseed gum, locust bean gum, guar gum and
Tamarind gum) remains higher than the viscous modulus G" (G' > G"), which
means that the mucilage solutions weak typical physical gel characteristics than
viscosity properties. This behavior is probably dependent on mucilage concen-
tration. But it has a different impact on the mucilage solutions of CG and ASKG.
The Storage modulus G' is higher than Loss modulus G" at low frequency, then a
cross-over appears at 4 Hz (G' = G"), where the system reverses subsequently the
G' become lower than G", which means that the mucilage solutions behave as a
solid at low frequency and turns liquid in the end.

The variation in storage modulus modulus G' and Loss modulus G" with time
at 25°C for 2% mucilage solutions are shown in Figure 9. It is shown that the
elastic modulus G' and viscous modulus G" has no changes with time increase,
which means all six mucilage solutions are not time-dependent fluids. The beha-

viors are consistent with the results of steady-state rheology Analysis.

4. Conclusions

We have investigated the rheological behavior of six mucilage solutions from
plant-based seed. Steady-shear viscosity measurements showed all the samples
have a non-Newtonian shear-thinning behavior at different levels, which could
be correlated to the shear rate by the power law model. We found that they could
be subdivided into three different types according to the changes of viscosity
with the increasing shear rate. The mass fraction made a great contribution to
viscosity. Mucilage viscous solutions of all six gums were found obviously tem-
perature-dependent and the apparent viscosity of six gums decreases with close
rate at different extent as the temperature goes up. All mucilage solutions pos-
sessed better acid-proof and alkali-proof advantages except Cassia gum. A de-
pendence of apparent viscosity with salt was also found. The apparent viscosity
of six gums goes down with the increase of salt concentration, especially for CG
and ASKG.

The dynamic flow properties in the linear viscosity region, as a function of
temperature and frequency, were studied. Both elastic modulus G' and viscous
modulus G" behaviors were found to be dependent on temperature and fre-
quency. The Storage modulus G' of flaxseed gum and locust bean gum is always
superior to Loss modulus G", which means that the elastic response to tempera-
ture sweep is continuously higher than the viscosity response. The Storage mod-
ulus G' of guar gum and tamarind gum is higher firstly than Loss modulus G",
then become lower. However, the tan J value of Cassia gum and Artemisia Sphae-
rocephala Krasch gum is always above 1, which indicates that mucilage solutions
will show mainly viscous properties instead of an obvious tendency to form a gel.
The elastic modulus G' for four gums (flaxseed gum, locust bean gum, guar gum
and Tamarind gum) remains higher with the change of frequency than the visc-
ous modulus G" (G' > G"). For CG and ASKG, the Storage modulus G' is higher
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Figure 9. Time dependent behavior of six plant-based seed gums.
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than Loss modulus G" at low frequency, then a cross-over appears at 4 Hz (G' =
G"). All six mucilage solutions are not time-dependent fluids

Overall, what we have found above could support the application of plant-based
seed gums in food industry; hence it is required in further work to study the ap-

plication in different food products as well as the mechanisms.
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