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a  b  s  t  r  a  c  t

Tamarind  seed  mucilage  (TSM)  was  extracted  and  obtained  by  spray  drying.  The  power  law  model  well
described  the  rheological  behavior  of the TSM dispersions  with determination  coefficients  R2 higher
than  0.93.  According  to  power  law  model,  non-Newtonian  shear  thinning  behavior  was  observed  at  all
concentrations  (0.5%,  1%, 1.5%  and  2%)  and  temperatures  (25,  30,  40, and  60 ◦C)  studied.  Increasing  tem-
perature  decreased  the viscosity  and increased  the  flow  behavior  index,  opposite  effect  was  observed
when  increasing  the  concentration.  The  temperature  effect  was  more  pronounced  at  2.0%  TSM  concen-
tration  with  an activation  energy  of  20.25  kJ/mol.  A  clear  dependence  of viscosity  on  pH  was  observed,  as
heological properties
ower law model

pH increased  from  acidic to alkaline  conditions,  the  viscosity  increased.  It was  found  that  the  rheological
properties  of TSM  were  affected  by the  sucrose  and  salts  and  their  concentrations  as  well  due  to  the
addition  of  ions  (or  sucrose)  decreases  repulsion  and  allows  molecule  expansion  promoting  a  significant
reduction  in  viscosity.  These  results  suggest  that  TMS  could  be  applied  in  the  production  of foods  that
require  additives  with  thickening  capacity.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Hydrocolloids as biological macromolecules are widely used in
he pharmaceutical, cosmetic, textile, paper and food industries
s thickeners, water retention agents, emulsion stabilizers, sus-
ending agents, binders, etc. [1–4]. In recent years, the mucilages
re the preferred hydrocolloids since these are cheap, nontoxic,
cofriendly and nonpolluting during production and application,
ecause they are able to bind and immobilize a large amount
f water [5–7]. Therefore, the rheological behavior of hydrocol-
oids is of special importance since they are applied looking to

odify the textural attributes of food. Rheological behavior of

very biological macromolecule is unique and this information
s very useful in a large number of industrial applications and
hould be carefully taken into account for designing and modelling

∗ Corresponding author.
E-mail addresses: cpereza@uaemex.mx, cesar perezalonso@yahoo.com.mx

C. Pérez-Alonso).

ttps://doi.org/10.1016/j.ijbiomac.2017.09.048
141-8130/© 2017 Elsevier B.V. All rights reserved.
purposes [8–10]. Shear-thinning or pseudoplastic non-Newtonian
behavior has been reported in gums and mucilages; this property
depends on many factors like concentration of the active com-
pound, temperature, degree of dispersion, dissolution, electrical
charge, previous thermal and mechanical treatment, presence or
absence of other lyophilic colloids, and the presence of electrolytes
or non-electrolytes [5,9,11–13]. Also, the chemical structures of the
hydrocolloids and its conformation, particle size distribution, and
particle shape, as well as the interactions between suspended parti-
cles, are known to affect flow behavior [10–14]. Mucilage extracted
from the tamarind seed (TSM, up to 72%), is a natural polysaccha-
ride available as a by-product of tamarind pulp industry mucilage
[12]. TSM is composed of �-(1,4)-d-glucan backbone substituted
with side chains of �-(1,4)-d-xylopyranose and (1,6) linked [�-
d-galactopyranosyl-(1,2)-�-d-xylopyranosyl] to glucose residues,
where glucose, xylose and galactose units are present in the ratio

of 2.8:2.25:1.0, as the monomer units [15] and with a molecu-
lar weight of 720–880 kDa [12]. The mucilage dispersed in water
has the ability of forming viscous solutions, with high thermal
and chemical stability, edible, biodegradable, non-carcinogenic,

https://doi.org/10.1016/j.ijbiomac.2017.09.048
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2017.09.048&domain=pdf
mailto:cpereza@uaemex.mx
mailto:cesar_perezalonso@yahoo.com.mx
https://doi.org/10.1016/j.ijbiomac.2017.09.048
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iocompatible and nontoxic properties [15]. TSM contains high
mounts of many essential amino acids, like isoleucine, leucine,
ycine, methionine, phenylalanine and valine [16], making the

ucilage affordable as food additive. However, detailed data about
he rheological behaviour of TSM spray dried at different environ-

ents is not available. This information is valuable to establish
ossible industrial applications, particularly for food products. TSM
as the added benefit of employing a plant-based resource from a
y-product of tamarind pulp industry, which is not been exploited
et, and could have a positive impact on the development of pro-
ucer economies. Therefore, the aim of the present study was to
haracterize the rheological properties of aqueous dispersions of
SM spray dried obtained from tamarind seeds grown in Mexico,
valuating the effect of some conditions of the medium such as
ucilage concentration, temperature, pH, type of salt, and sucrose

oncentrations.

. Materials and methods

.1. Materials

Tamarind dried pods were purchased at a local market of Toluca
ity, Mexico. The initial moisture content of tamarind seeds was
2.5 kg water/kg dried solid. Chemical reagents were purchased

rom Sigma Aldrich S.A. de C.V. (Toluca, Mexico). All the water used
n the experiments was deionized.

.2. Tamarind seed mucilage extraction

Mucilage extraction was performed taking as basis the method
roposed by Khounvilay and Sittikijyothin [12] with some mod-

fications. The seeds were extracted manually from mature pods
f tamarind, milled and grounded through a 355 �m mesh using

 hammermill Pulvex 100 Mini 2HP (Mexico City, Mexico). 20.0 g
f milled tamarind seeds were placed in 1.0 L beaker and deion-
zed water was added in a 1:10 wt. ratio. The resulting mixture was
tirred in a hot plate stirrer (Thermo scientific SP131325, China)
djusted at level 8 for 10 min  to achieve a homogenous mixture.
eionized water was added in a 1:40 wt. ratio in relation with the

nitial weight of seeds and kept with constant stirring. The mixture
as heated and kept at a constant temperature of 80 ◦C for 60 min.

he mixture was put aside at 20 ◦C for 24 h to assure the release
f the mucilage, and then was centrifuged with a Hermle Z323 K
ighspeed centrifuge (Hermle, Labortechnic, Germany) for 8 min
t 524g. The supernatant represents the mucilage fraction, which
as decanted and stored at ∼4 ◦C for subsequent analysis.

.3. Spray drying of tamarind seed mucilage

The extracted mucilage was feed at a rate of 40 mL/min to a
ichols/Niro spray-drier (Turbo Spray PLA, NY, USA) operated with
n inlet temperature of 135 ± 5 ◦C, outlet temperature at 80 ± 5 ◦C
nd injecting compressed air at 4.0 bar. The spray-dried mucilage
as stored in desiccators containing P2O5 to prevent increases in

bsorbed moisture.

.4. Proximal analysis

Moisture, lipid and ash content of tamarind seed mucilage
as determined according to the AOAC standard methods, 925.10,
20.85 and 923.03, respectively [17]. The total protein content of
he mucilage was determined by Kjeldahl procedure (N × 6.25) as
escribed in AOAC official method 981.10. Total carbohydrate con-
ent was evaluated by difference.
ogical Macromolecules 107 (2018) 817–824

2.5. Rheological measurements

Rheological characterization was carried out using steady shear
tests using a Physica MCR  300 (Physica Me�technik GmbH,
Stuttgart, Germany) modular compact rheometer, with a cone-
plate geometry, with cone diameter of 50 mm in diameter and cone
angle of 2◦ in all the cases. The viscosity of mucilage dispersions
were carefully poured in the measuring system, and left to rest
for 5 min  for structure recovery and temperature equilibration. The
apparent viscosity (�app) – shear rate ( �̇) behaviour of the mucilage
dispersions was determined by applying an increasing shear rate
from 0.1 to 100 s−1. Three replicates of each sample were made.
The flow behavior index (n) and consistency index (k) values were
computed by fitting to the Ostwald-de-Waele or Power Law model
(Eq. (1)):

� = k �̇n (1)

where � is the shear stress (Pa), �̇ is the shear rate (s−1), k is the
consistency coefficient (Pa sn) and n is the flow behavior index
(dimensionless).

2.6. Evaluation of the temperature dependence of mucilage
dispersions

TSM dispersions were prepared with deionized water at con-
centrations of 0.5%, 1.0%, 1.5% and 2% (w/w), under slow stirring
at room temperature. Then the dispersion was  kept at 4 ◦C for
24 h to complete hydration prior to assessment. Prepared samples
were loaded into the plate and maintained for 5 min at measure-
ment temperatures of 25, 30, 40 and 60 ◦C. A solvent trap was used
in order to minimize the solvent loss due to evaporation. Optical
microscopy images were obtained in a microscopy MOTIC BA-400
Xiamen, China, at resolution of 100 x for concentrations of 0.5%,
1.0%, 1.5% and 2% (w/w)  of TSM at room temperature. Three repli-
cates of each sample were made.

The temperature dependency of consistency coefficient (indi-
cator of the viscous nature of the sample) was  assessed by fitting
to the Arrhenius model (Eq. (2)) as was suggested by Sengul et al.
[18]:

k = k0e(Ea/RT) (2)

where k0 is the proportionality constant (or consistency coefficient
at a reference temperature, Pa*sn), Ea the activation energy (J/mol),
R the universal law gas constant (8.314 J/mol K), and T the absolute
temperature (K).

2.7. Determination of flow properties at different pH

Dispersions of TSM at 1.0% (w/w)  were used to measure the flow
properties with different pH values of 4.0, 7.0 and 10.0 (adjusted
using 0.1 mol/L of NaOH and HCl) at shear rates from 0.1 to 100 s−1

and constant temperature of 25 ◦C. Optical microscopy images were
obtained in a microscopy MOTIC BA-400 Xiamen, China, at resolu-
tion of 100× for this dispersions of TSM at room temperature. Three
replicates of each sample were done.

2.8. Flow properties at different salts concentrations

Dispersions of TSM at 1.0% (w/w)  were prepared. Monovalent
(NaCl and KCl) and divalent (CaCl2) salts were added to dispersions

to give final concentrations of 0.01 M,  0.02 M and 0.03 M,  respec-
tively. Viscosity measurements were performed at a shear rate from
0.1 to 100 s−1 and keeping constant temperature at 25 ◦C. Three
replicates of each sample were made.
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Table  1
Power law parameters for TSM at different concentrations and temperatures.

Temperature (◦C) k (Pa sn) n R2

0.5% (w/w)
25 0.058 0.698 0.983
30  0.050 0.704 0.994
40  0.034 0.724 0.992
60  0.016 0.750 0.991

1.0%  (w/w)
25 0.317 0.826 0.996
30  0.242 0.826 0.994
40  0.087 0.841 0.991
60  0.029 0.846 0.985

1.5%  (w/w)
25 0.322 0.811 0.987
30  0.277 0.817 0.994
40  0.181 0.849 0.991
60  0.099 0.886 0.993

2.0%  (w/w)
25 1.486 0.784 0.989
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Table 2
Activation energy from Arrhenius equation for TSM at different concentrations.

TSM concentration % (w/w) k0 (Pa*sn) Ea (kJ/mol) R2

0.5 0.711 0.98 0.975
1.0  0.163 5.27 0.948
30  1.380 0.798 0.992
40  1.072 0.804 0.990
60  0.642 0.818 0.994

.9. Assessment of flow properties at selected sugar
oncentrations

Sucrose was dissolved into the 1.0% (w/w) dispersions of TSM
o give final sucrose concentrations of 0.0%, 2.5%, 5.0%, and 10%
w/v). The flow properties were measured at shear rates from 0.1
o 100 s−1 and constant temperature of 25 ◦C. Three tests of each
ample were done.

. Results and discussion

.1. Proximate composition of tamarind seed mucilage

The proximal analysis of spray dried tamarind seed mucilage
ave the resulting fractions on a dry basis: 12.96 ± 0.09% of pro-
eins, 82.17 ± 0.21% of total carbohydrates, 4.28 ± 0.17% of fats
nd 0.59 ± 0.07% of ashes. These values are consistent with other
eported previously by Khounvilay and Sittikijyothin [12] and
lpizar-Reyes et al. [19] with ranges of 12.77–15.40% of pro-

ein, 61.00–80.66% of total carbohydrates, 3.00–7.50% of fats
nd 0.07–3.30% of ashes. The small difference in composition of
amarind seed mucilage with other studies may  be attributed to
he difference in geographical origin, variety and growing and har-
esting conditions.

.2. Effect of concentration and temperature on flow properties

The influence of TSM concentration and temperature on the flow
roperties displayed a well-fitting data of shear rate versus shear
tress to Ostwald-de-Waele or Power law model, it showed a typical
on-Newtonian behavior at different conditions of concentrations
nd temperatures. The consistency coefficient (k), flow behavior
ndex (n) and coefficients of determination (R2) obtained by fitting
ata to power law model are shown in Table 1. The coefficients of
etermination (R2) were higher than 0.906 for all tested samples

ndicating the suitability of the power law model to describe the
ow properties of TSM.

Power law model designated that for low n values the pseudo-
lasticity of the fluid is increased tending not to be a Newtonian

uid, therefore, when n increases tending to be equal to one, the
uid becomes Newtonian showing slime like appearance. Pseudo-
lastic or shear-thinning fluids have a lower apparent viscosity at
igher shear rates, and are usually solutions of large, polymeric
1.5  0.089 6.69 0.918
2.0  0.001 20.25 0.995

molecules in a solvent with smaller molecules. It is generally sup-
posed that the large molecular chains tumble at random and affect
large volumes of fluid under low shear, but that they gradually align
themselves in the direction of increasing shear and produce less
resistance. The values of flow behavior index, n, were less than one,
indicating the pseudoplastic (shear thinning) nature of the TSM at
different measuring conditions. The low values of flow behavior
indexes represent the great departure of flow from the Newtonian
behavior and like many other shear-thinning hydrocolloids, they
have a high viscosity at low shear rates which decreases dramat-
ically as the shear is increased [8]. When the TSM concentration
was increased from 1.0% to 2.0% (w/w) the values for flow behav-
ior index decreased, nevertheless, in the special case of 0.5% (w/w)
dispersion of TSM, n did not follow the general tendency. This could
be attributed to the low concentration of TSM and the influence on
flow behavior index by the predominance of hydrogen bonds from
water medium on the dispersion which acts as a plasticizer and
enhances the molecular motion and reduces the torsion [13].

On the other hand, when temperature was  increased for the all
concentrations studied, flow behavior index increased, indicating
that the degree of pseudoplasticity was  reduced when the tempera-
ture was  increased. This phenomena could be attained to the energy
dissipation movement of the molecules and decrease in intermolec-
ular interactions, which in turn decrease the energy needed for
the flow, thus decreasing the interference of the hydrodynamic
domains [20,21]. Values of n were in the range of 0.698–0.886; in a
comparative way, the values of n obtained for TSM are in agreement
with those reported for flaxseed mucilage [22], welan and xanthan
gum [23], acacia senegal gum [24], and a hydrocolloid from Ziziphus
lotus fruit [25].

The values for consistency coefficient (Table 1) increasing
when the TSM concentration was increased, this increase of k
values may  be attributed to the increase of water binding capac-
ity when concentration was increased [26] due to an increase
in the intermolecular interaction. In addition, consistency coef-
ficient decreased when temperature was increased for the all
concentrations studied, indicating a decrease in viscosity at higher
temperatures. Wanchoo et al. [27] reported that the coefficient k is
a strong function of the concentration of the solution and the tem-
perature, whereas index n does not have a strong dependency on
the concentration and temperature of the polymeric solutions. The
same effect of temperature and concentration on the consistency
coefficient was  reported for flaxseed mucilage [22], chia mucilage
[8], nopal mucilage [13], basil seed gum [28], xanthan gum, guar
gum [29], and welan gum [23], at similar temperature and con-
centration conditions, corroborating the shear thinning nature of
TSM.

Natural logarithm of consistency coefficients for all concentra-
tions studied versus 1000/T  were plotted (Fig. 1) in order to fit to
the Arrhenius model for studying the temperature dependence of
the viscosity (Table 2). Activation energy (Ea) for the flow process
is related to chain flexibility [26] and the values higher than 0.92
of R2 indicate that the dispersions in relation with temperature fol-
lowed the Arrhenius type equation. A higher Ea value means a more

rapid change in viscosity with temperature and the microstruc-
ture is more prone to change. Activation energy increased when
TSM concentration in dispersions increased from 0.5 to 2.0%, indi-
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Fig. 2. Apparent viscosity dependence of concentrations (a) (temperature of 25 ◦C)
and temperatures (b) (concentration of 1.0% (w/w)) of TSM.

Table 3
Power law parameters for TSM dispersions (1.0% w/w) at 25 ◦C and different pH
conditions.

pH k (Pa sn) n R2

of the power law model to describe the flow properties of TSM.
ig. 1. Consistency index as function of temperature of TSM at different concentra-
ions.

ating higher viscosity values when the concentration was higher,
nd subsequently, greater viscosity dependency to the tempera-
ure [10,13]. A higher value of Ea suggests that a large amount of
xternal energy is required to initiate the motion of molecules in
queous solutions. High activation energy is correlated with strong
nteraction between polymer chains, with the microstructure being
ess prone to alteration during thermal processing [23].

The variation in apparent viscosity with shear rate for the dif-
erent temperatures and concentrations studied is shown in Fig. 2.
or all dispersions, the viscosity decreased when the shear rate
ncreased from 0.1 to 100 s−1. This general tendency confirms the
seudoplastic behavior of the TSM dispersions, since as shear rate

ncreases, the randomly positioned chains of polymer molecules
ecome aligned in the direction of the flow, generating solutions
ith lower viscosity, resulting in less interaction among adja-

ent polymer chains [30]. In the low shear rate, the stretching
olysaccharide molecules intertwined to form aggregates, the high
iscosity is due to the large fluids flow resistance. Increasing shear
ate the molecules are dispersed along the flow direction, as well as
uids flow resistance declines, resulting in the decrease of apparent
iscosity [31]. A similar behavior was observed for other hydrocol-
oids [27,29,32,33].

The apparent viscosity of the dispersions (Fig. 2a) increased with
he increase in mucilage concentration from 0.5% to 2.0% (w/w).
ccording to Fig. 3, this attributed to the higher content of total
olids in the dispersion, which causes an increase in viscosity due
ainly to an increased restriction of intermolecular motion caused

y hydrodynamic forces and the formation of an interfacial film as
 result of highly branched structure in the TSM and multiple asso-
iation points existing among the TSM molecules [33,34] (Fig. 3).
n the other hand, Fig. 2b shows the decrease of viscosity with the

ncrease of temperature. This effect may  be attributed to the sep-
ration of the TSM molecules in solution, which become higher at
igher temperature, promoting the decrease on viscosity. This phe-
omenon was observed in dispersions of chia mucilage [8], xanthan
um [34], flaxseed gum [35].

Shear-thinning hydrocolloids are extensively used to improve
r modify food texture. The reduction in solution viscosity provides
rocessing advantage during high-shear processing operations like
umping and filling, whereas high viscosity provides a desirable

outh feel during mastication, while the values of viscosity at the

igh shear rate allow understanding the viscosity of the product
uring certain processing operations such as pumping and spray
4 0.048 0.884 0.971
7  0.317 0.826 0.964
10  0.538 0.815 0.937

drying. Accordingly, as the viscosity of solution decreases as shear
rate increases, pumping efficiency increases as pump flow rate
increases [36].

3.3. Effect of pH

The rheological behavior in terms of shear stress versus shear
rate of TSM dispersions at 25 ◦C and 1.0% (w/w) at different con-
ditions of pH was adjusted to power law model, the parameters
are shown in Table 3. The coefficients of determination (R2) were
higher than 0.99 for all tested samples indicating the suitability
The influence of pH on the apparent viscosity of TSM dispersions is
shown in Fig. 4, and as expected, a shear-thinning behavior varying
shear rate values was observed for all dispersions. When the pH
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Fig. 3. Optical microscopy images for 0.5, 1.0
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ig. 4. pH effect upon viscosity of TSM (concentration of 1.0% (w/w) and 25 ◦C).

f the dispersion was increased from 4.0 to 10.0, the consistency
oefficient (k) increased and flow behavior index (n) decreased;
he general behavior of both parameters may  be associated with
n increase in charge density [37] promoting a contraction of the
SM molecules, and thus viscosity decreases (Figs. 4 and 5).

.4. Effect of salts

The effect of ion concentration on the mucilage viscosity is
mportant not only to determine whether the TSM performs as
olyelectrolyte as well to estimate functional rheological prop-

rties [38–40]. Charged molecules show a strong dependence on
onic strength [13]. The flow behavior is represented by fitting
xperimental data to power law model with R2 values higher than
.99. For all salts, NaCl, KCl y CaCl2, the flow behavior param-
, 1.5 and 2.0% (w/w) TSM dispersions.

eter increased progressively when the salts concentration was
increased from 0.01 to 0.03 M indicating that the addition of salts
reduced the pseudoplastic nature of the TSM dispersions. The high-
est values for n were observed in NaCl, indicating that the addition
of this salt have the most important effect on the pseudoplasticity
of TSM dispersions, even though, at 0.03 M of this salt on TSM dis-
persion, the fluid showed a n value so closely to 1, indicating that
this dispersion may  behave as Newtonian fluid.

The values of k were lower when a monovalent salt (NaCl and
KCl) was  added, compared with a divalent salt (CaCl2) was added,
in the dispersions prepared. These results suggest that the molecu-
lar structure of the TSM is negatively charged [41], behaving like a
polyelectrolyte, and thus the addition of positive ions reduces the
repulsion and molecular expansion, causing a significant decrease
in viscosity [13]. On the other hand, the decrease of k in a medium
with the presence of salts could be associated with the presence of
sulfate groups and carboxylic acids in the structure of the polysac-
charide [42]. The salts cause the contraction of the polysaccharide
molecules, and thus viscosity decreases. A similar behavior was
observed in dispersions of chia mucilage [29], and Balangu gum
[43].

It has been reported that the electrostatic forces could change
the arrangement of ionic polysaccharides and their physicochemi-
cal properties like viscosity as well [38]. Viscosity-shear rate curves
for TSM (1% w/w)  in the presence of different levels of NaCl, KCl
and CaCl2 (0, 0.1, 0.2 and 0.03 M)  at 25 ◦C were obtained and in
Fig. 6 is depicted the general trend for 0.03 M,  applicable for the
other salt concentrations. Regardless of salts concentration, the
apparent viscosity was decreased as the shear rate increased from
0.001 to 1000 s−1. Moreover, the addition of NaCl, KCl and CaCl2
salts to the TSM dispersions at higher concentrations decreased
the viscosity to a greater degree. For all the solutions, within the
shear rates used, the shear-thinning behavior was observed. Rao

[44] declared that this flow denotes the typical behavior of many
biopolymer solutions. In the absence of salts, the inherent negative
charge of TSM molecule produces strong intermolecular electro-
static repulsion and thus a more expanded molecule [41]. Hence,
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f 4.0, 7.0 and 10.0 for 1.0 (w/w) TSM dispersions.
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Table 4
Power law parameters for TSM (1.0% w/w at 25 ◦C) with different salt concentrations.

Salt K (Pa sn) n R2

NaCl (M)
0 0.317 0.826 0.977
0.01 0.165 0.847 0.984
0.02 0.043 0.882 0.960
0.03 0.034 0.996 0.997

KCl  (M)
0 0.317 0.826 0.986
0.01 0.094 0.839 0.984
0.02 0.072 0.849 0.981
0.03 0.047 0.856 0.971

CaCl2 (M)
0 0.317 0.826 0.979
0.01 0.195 0.820 0.985
0.02 0.062 0.881 0.974
0.03 0.039 0.925 0.966

Table 5
Power law parameters for TSM (1.0% w/w  at 25 ◦C) with different sucrose
concentrations.

Sucrose concentration (%) k (Pa sn) n R2

0 0.317 0.826 0.996
2.5  0.157 0.793 0.987
Fig. 5. Optical microscopy images at pH’s o

he higher viscosity of TSM with deionized water than salt solu-
ions becomes clear. In the presence of NaCl, the viscosity showed a
igher decrease, thus, this decrease was bigger at higher concentra-
ions. Mazza and Biliaderis [35] stated that the reduction detected
n viscosity of flax seed mucilage after NaCl addition was induced by
ncreasing association of counter ions with the polymer molecules,

hich resulted in a reduction in electrostatic repulsion of charged
roups on the polymer chain. Achi and Okolo [45] results demon-
trated that the Prosopis africana seed gum had a slight reduction
n viscosity affected by addition of 0.01 M NaCl. They concluded
hat salt addition enhanced the flexibility of the molecules, which
orced a conformational change that led to a decrease in viscosity.

According to Razavi et al. [46], at high salt concentration, a
ortion of the ionized groups on the polymer will turn out to
e neutralized (due to ion pair formation), causing a more com-
act formation. Besides, divalent cations are able to form salt
ridges between acid groups and most of them are intramolecu-

ar bonds, thus causing a further reduction of the volume occupied
y the gum. These results suggest that TSM is a negatively charged
olyelectrolyte molecule, therefore, the addition of positive ions
ecreases repulsion and molecule expansion promoting a signif-

cant reduction in viscosity. These results are in agreement with
esults reported by Medina-Torres et al. [13] for nopal mucilage, by
azavi et al. [47] for wild sage mucilage (Table 4).

.5. Effect of sucrose

The typical shear rate-shear stress curves for TSM (1.0% w/w
nd at 25 ◦C) where studied as a function of sucrose concentra-
ions of 0.0%, 2.5%, 5.0%, and 10.0% (w/v) and well fitted to the
ower law model with correlation factors (R2) higher than 0.99
or all cases. Changes in consistency coefficient (k) and flow behav-
or index (n) as a function of sucrose concentration are presented

n Table 5. It can be found that increase in the sucrose concentra-
ion had an amplifying influence on all power law parameters. Both
arameters were influenced by sucrose concentration. The k value
ecreased from 0.317 ± 0.002 Pa*sn to 0.068 ± 0.004 Pa*sn whereas
5.0  0.138 0.779 0.989
10.0 0.068 0.759 0.973

the n value decreased from 0.826 ± 0.007 to 0.759 ± 0.018. The
higher flow behavior index indicated that at higher concentration of
sucrose, the dispersions exhibited less pseudoplastic behavior and
lean towards to be Newtonian fluid. Furthermore, for all concentra-
tions of sucrose studied, a shear thinning behavior was evidently
observed according to power law parameters, this type of flow

behavior also has been reported for many hydrocolloids solutions
[48–51]. This property is particularly substantial in formulation of
oil in water emulsion, to prevent the drop separation and to allow
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ig. 6. a) Effect of different monovalent and b) divalent salt on TSM viscosity (con-
entration of 1.0% (w/w) and 25 ◦C).

n easy flow when poured [52]. Numerous authors who  studied
he effect of sucrose concentration on the rheological behavior are
n agreement with this study reporting similar effects for oat gum
53], cress seed gum [48] and Balangu seed gum [54].

Fig. 7 shows rheological behavior of TSM dispersion at different
ucrose concentrations. Previous studies had concluded that the
xistence of sucrose in the aqueous phase of liquid food systems
ontaining hydrocolloids can change final rheological characteris-
ics obtained over increasing or decreasing the system viscosity.
ence, enhancing aqueous phase viscosity results in a viscos-

ty increment, instead, may  reduce the hydration of hydrocolloid
olecules which results in a decrement in viscosity, it can be con-

luded that the viscosity obtained maybe close to the viscosity
hich can be felt in the mouth. It has been reported that higher vis-

osity of food stuffs created a better mouthfeel [50]. Consequently,
ddition of the sugars to the TSM dispersion solution can make a
ood mouth feeling solution rather than a slimy feel in gone.

. Conclusions
The analyzed Tamarind seed mucilage dispersions presented a
on-Newtonian shear thinning behavior (n < 1). The power law
odel well described the flow properties of the dispersions.
Fig. 7. Apparent viscosity dependence of sucrose concentrations TSM dispersions
of  1.0% w/w.

Increasing the solution concentrations increased the viscosity
and pseudoplasticity while increasing temperature resulted in a
decrease in viscosity and pseudoplasticity. In addition, tempera-
ture dependency of the consistency index for the gum solutions
was well described by the Arrhenius model. The influence of pH was
the variable with the most significant effect on the flow behavior
and rheological properties of TSM, when pH increases, apparent
viscosity increased, this may  be associated with an increase in
charge density promoting a contraction of the TSM molecules. Addi-
tion of salts to TSM dispersions resulted in a diminution of k and
an increment of n, promoting a decrease on apparent viscosity,
suggesting that the molecular structure of the TSM is negatively
charged, behaving like a polyelectrolyte. Addition of sucrose did not
influence significantly apparent viscosity. According to the results
of this study, it can be concluded that TSM could be potentially
applied as hydrocolloid in order to achieve a superior quality for
new and existing hydrocolloid added products.
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