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a b s t r a c t

The synergistic interactions of two non-conventional galactomannans (Gleditsia triacanthos galactoman-
nan (mannose/galactose ratio [M/G] = 2.82) and Sophora japonica galactomannan (M/G = 5.75)) with
�-carrageenan and xanthan were quantified and compared with those of two traditional galactomannans
(guar gum—M/G = 1.8 and locust bean gum—M/G = 3.5) with the same polysaccharides. The main objec-
tive was to evaluate the effectiveness of the former as alternative galactomannan sources. The rheological
behavior of the resulting binary systems was characterized using dynamic oscillatory measurements.

For �-carrageenan/galactomannans mixtures, the synergistic interactions were stronger for mixtures of
60/40 (% w/w) �-carrageenan/locust bean gum, 60/40 (% w/w) �-carrageenan/S. japonica galactomannan,
uar gum
ocust bean gum
ynergistic interactions
heological characterization

80/20 (% w/w) �-carrageenan/guar gum and 60/40 (% w/w) �-carrageenan/G. triacanthos galactomannan.
For all xanthan/galactomannans systems, the maximum synergy was observed for a ratio of 20/80 (%
w/w).

The synergistic effects of �-carrageenan/galactomannans and xanthan/galactomannans systems seem
to depend not only on the M/G ratio but also on the fine structure of the galactomannans, since the
strongest synergy was observed for locust bean gum followed by S. japonica galactomannan, guar gum

mann
and G. triacanthos galacto

. Introduction

Galactomannans are neutral polysaccharides obtained from the
eed endosperm of some Leguminosae, where they serve as energy
eserve. They are composed of a linear mannose (M) backbone bear-
ng side chains with a single galactose (G) unit. Depending on the
otanical origin, they differ in the mannose/galactose (M/G) ratio,
olecular weight and in the distribution of the galactose units.
alactomannans find a wide range of food applications due to their
bility to form very viscous solutions at low concentrations. Two

alactomannans of major importance are guar gum (GG) and locust
ean gum (LBG), which have M/G ratios of 1.8 and 3.5, respec-
ively (Dakia, Blecker, Roberta, Watheleta, & Paquota, 2008; Dea

Morrison, 1975; Fox, 1992).

∗ Corresponding author. Tel.: +351 253 604419; fax: +351 253 678986.
E-mail address: avicente@deb.uminho.pt (A.A. Vicente).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.07.058
an.
© 2010 Elsevier Ltd. All rights reserved.

Galactomannans can synergistically interact with other biopoly-
mers such as �-carrageenan and xanthan, resulting in improved
product quality and reduced production costs (Dea et al., 1977).
Synergistic polysaccharide–polysaccharide interactions are attrac-
tive in the food industry because they offer the potential to create
new textures and to manipulate the rheology of the products
(Sworn, 2000, chap. 6). Many mixed systems formed by galac-
tomannans and �-carrageenan or xanthan already find extensive
applications in the food industry.

�-Carrageenan is a fraction of the sulphated polysaccharide
family extracted from certain red seaweeds and is composed of
alternating disaccharides of (1–3) linked �-d-galactose-4-sulphate
and (1–4) linked 3,6-anhydro-�-d-galactose monomers. The asso-

ciation between �-carrageenan and galactomannans is believed to
occur via unsubstituted regions of the mannan backbone, which
are assumed to bind the carrageenan helix (Dea, McKinnon, &
Rees, 1972; Miles, Morris, & Carroll, 1984). The synergistic effects
observed with �-carrageenan/galactomannan systems have been

dx.doi.org/10.1016/j.carbpol.2010.07.058
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:avicente@deb.uminho.pt
dx.doi.org/10.1016/j.carbpol.2010.07.058
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Table 1
Experimental design of the different mixtures evaluated.

Galactomannansa (% w/w) �-Carrageenan (% w/w) Xanthan (% w/w)

�-Carrageenan/galactomannan 0 100 –
20 80 –
40 60 –
60 40 –
80 20 –

Xanthan/galactomannan
systems

0 – 100
20 – 80
40 – 60
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a Guar gum, locust bean gum, Gleditsia triacanthos galactomannan or Sophora jap

ound to be dependent on the M/G ratio (Dea & Morrison, 1975;
ea et al., 1972; Fernandes, Gonçalves, & Doublier, 1991).

Xanthan is an extracellular polysaccharide secreted by Xan-
homonas campestris composed by pentasaccharide repeating units,
ith a �-1,4 linked cellulosic backbone, attached with a charged

risaccharides side chain docked on alternated glucose residue.
ifferent models have been proposed to explain the intermolec-
lar binding mechanism between xanthan and galactomannans,
owever considerable controversy still exists. The original model
roposed that the intermolecular binding occurs between the
rdered (helix) xanthan and unsubstituted or poorly substituted
egions of the galactomannan backbone and that the synergistic
nteraction is strongly dependent on the galactose content (Dea et
l., 1977; Morris, 1977).

The existing information about binary aqueous mixtures with
on-traditional galactomannans is scarce. The galactomannan of
leditsia triacanthos (Leguminosae) exhibits an M/G ratio of 2.82
nd the galactomannan of Sophora japonica (also a Leguminosae)
xhibits an unusually high M/G ratio (5.75) (Cerqueira et al., 2009).
n a previous work (Bourbon et al., 2009), the rheological behavior
f these galactomannans was evaluated and it was concluded that
hey can be used as efficient thickening agents, when compared
ith locust bean gum and guar gum. However, it is not known if

hey display synergistic effects with other polysaccharides, such as
-carrageenan or xanthan gum, nor which is the mixture ratio that
orresponds to the “synergistic peak”.

The aim of the present work was thus to investigate the
heological properties of �-carrageenan/galactomannan and xan-
han/galactomannan mixtures for different mixture ratios and to
valuate the effects of polymer concentration and temperature
n the interaction strength. These synergistic interactions and the
esulting rheological behavior of the mixtures may provide differ-
nt properties to food products.

. Materials and methods
.1. Materials

The pods of G. triacanthos and S. japonica were collected in the
otanical Garden in Porto, Portugal, during April 2006 and Febru-

able 2
omposition of the polysaccharide samples (±95% confidence interval).

Sample Moisture (% w/w) Ash (% w/w)

�-Carrageenan 11.57 ± 0.02 23.94 ± 0.01
Xanthan 14.42 ± 0.01 5.82 ± 0.01
S. japonica galactomannan 13.39 ± 0.02 0.32 ± 0.02
LBG 11.38 ± 0.01 0.16 ± 0.01
G. triacanthos galactomannans 10.17 ± 0.01 0.08 ± 0.01
GG 11.70 ± 0.03 0.72 ± 0.01

a n.d., not detectable.
– 40
– 20

galactomannan.

ary 2008, respectively. The seeds were manually separated and
kept in a cool, dry place until further use. Guar gum (Viscogum)
and Xanthan gum were provided by Cargill (USA) and locust bean
gum (Genu gum type RL-200V) and �-carrageenan (WR-78) were
provided by CP Kelco (USA). These polysaccharides were used as
received.

2.2. Methods

2.2.1. Polysaccharide extraction and purification
The polysaccharide extraction of G. triacanthos and S. japon-

ica seeds was performed according to Cerqueira et al. (2009).
Briefly, the extraction of galactomannans from G. triacanthos seeds
was performed with ethanol and distilled water. In this pro-
cess, the seeds were mechanically broken, the endosperm was
separated from the germ and the hull and was suspended in
ethanol (purity 99.8%, Riedel-de Haën, Germany) to inactivate
the enzymes and to eliminate low-molecular-weight compounds
(Egorov, Mestechkina, & Shcherbukhin, 2003, 2004). Following this
step, distilled water was added and the suspension was mixed in a
blender.

The extraction procedure of galactomannan from the seeds of
S. japonica required an acidic pre-treatment in order to effectively
separate the hull from the endosperm. The seeds were peeled using
sulphuric acid (purity 98%, Fluka, Germany) (1:1) in a water bath
at 100 ◦C for 1.5 h. After the separated endosperm had been treated
with ethanol, water was added to it and the mixture was heated at
80 ◦C.

The purification processes of both galactomannans included a
filtration through a nylon net followed by a centrifugation step at
3800 × g (Sigma 4K, B.Braun, Germany) during 20 min at 20 ◦C. The
precipitation of the galactomannan was achieved by adding the
supernatant to ethanol (purity 99.8%, Riedel-de Haën, Germany) at
a ratio of 1:2. The precipitated galactomannan was lyophilized and
kept in a dry place until further use (Cerqueira et al., 2009).
2.2.2. Analysis of polysaccharide samples
Moisture content was determined according to AOAC standards

(Ranganna, 1977), protein content was assessed using Bradford’s
method (Bradford, 1976) and ash content was evaluated by heating
the sample in a muffle furnace at 500 ◦C for 8 h followed by cooling

Protein (% w/w) Sodium (% w/w) Potassium (% w/w)

n.d.a 0.54 ± 0.01 9.34 ± 0.23
1.69 ± 0.01 4.03 ± 0.08 0.53 ± 0.01
0.06 ± 0.02 – –
0.01 ± 0.002 – –
0.34 ± 0.01 – –
0.01 ± 0.008 – –



394 A.C. Pinheiro et al. / Carbohydrate Polymers 83 (2011) 392–399

F �-car
g 0 (-),

a
a
w
L

2

t
d
t
t
t
t
T
w
w

a
f

2

e

r
b
v
i
d

2
6
m
g
w
w

2
f
D
f
(
t
(
�
t
a
f
2

ig. 1. Storage modulus (G′) of mixed gels as a function of the frequency (ω): (a)
alactomannan at different ratios, at 25 ◦C. Total polymer concentration: 1.0%; 100/

nd weighing (Ranganna, 1977). The determination of the sodium
nd potassium content in �-carrageenan and xanthan samples
ere performed by Neotrom SPA-Italy (UNI EN ISO 9001 Certified

aboratory). Three replicates were obtained for each sample.

.2.3. Preparation of polysaccharide solutions
The required quantity of powdered polysaccharides was added

o the appropriate amount of distilled water. The polysaccharides
ispersions were stirred at room temperature under moderate agi-
ation for 1 h and, with the exception of guar gum, further subjected
o a stirring period (30 min) at a higher temperature (80 ◦C) in order
o ensure their complete solubilisation. The solutions were cen-
rifuged for 1 h at 20,000 × g and the supernatants were recovered.
he final polymer concentrations of each polysaccharide solution
ere determined as total solids dried at 105 ◦C until constant
eight.

Mixtures (1% w/w total polysaccharide) were prepared by
dding the required volume of each polymer solution to give dif-
erent polymer ratios (see Table 1).

.2.4. Rheological measurements
All rheological determinations were performed in triplicate for

ach mixture.
Before performing the rheological tests, the linear viscoelastic

egion was determined and the appropriate strain was selected,
y means of strain sweeps conducted at two constant frequency
alues (0.6279 rad s−1 and 6.279 rad s−1) and variable strain rang-
ng from 0.01% to 10%. This type of test determines the maximum
eformation that a system can withstand without structural failure.

.2.4.1. Mechanical spectra. A time sweep step of 90 min at

.279 rad s−1 was performed with an AR-G2 rheometer (TA Instru-
ents, DE, USA), using parallel plates (40 mm diameter and 1 mm

ap) before the frequency sweep measurements. Frequency sweeps
ere performed in the 0.1–100 rad s−1 range at 25 ◦C and the strain
as fixed at 5%.

.2.4.2. Cooling–heating cycles. Temperature sweeps were per-
ormed with controlled stress rheometer AR-G2 (TA Instruments,
E, USA) equipped with a Peltier system in the bottom plate

or accurate temperature control using a parallel plate geometry
40 mm diameter, gap 1 mm). Each sample was previously heated
o 70 ◦C, equilibrated for 5 min and then cooled from 70 ◦C to 25 ◦C
in the case of systems with xanthan) or 20 ◦C (for systems with

-carrageenan). A time sweep of 90 min was then performed and
he system was heated back to 70 ◦C. A rate of 2 ◦C/min was used at
constant frequency of 6.279 rad s−1. All experiments were per-

ormed in the linear viscoelastic region using a target strain of
%.
rageenan/Sophora japonica galactomannan and (b) xanthan gum/Sophora japonica
20/80 (�), 40/60 (♦), 60/40 (©), 80/20 (�).

3. Results and discussion

3.1. Chemical analysis

The chemical characteristics of the different polysaccharide
samples are given in Table 2.

All galactomannan samples exhibit low ash and protein con-
tents, indicating that the purification process of the non-traditional
galactomannans (S. japonica and G. triacanthos galactomannans)
was efficient, providing polysaccharides with a good quality that is
comparable to commercial gums (locust bean gum and guar gum)
(Table 2). The ash residue from all the galactomannan samples was
too small to measure, demonstrating that their content of mono-
valent ions (sodium and potassium) is negligible.

The high ash content in the �-carrageenan sample reflects the
presence of inorganic material that includes ions such as sodium
and mostly potassium (Table 2). �-Carrageenan is an anionic sul-
phated heteropolysaccharide strongly influenced by the types of
ions found in solution. The potassium ions yield a gel microstruc-
ture with rigid superstrands, increasing stability and promoting
chain aggregation and the sodium ions give a continuous network
of flexible superstrands (Fernandes et al., 1991; Gonçalves, Gomes,
Langdom, Viebke, & Williams, 1996; Nickerson, Paulson, & Hallett,
2004).

Also xanthan gum is influenced by the type and concentration
of ions found in solution and from Table 2 it can be seen that this
gum exhibits a substantial amount of sodium ions. Xanthan gum
is an extracellular polysaccharide with a semi-rigid chain struc-
ture and, in the presence of ions such as sodium or potassium,
charge screening causes the side chains to collapse down to the
backbone, hence giving the xanthan molecule a rod-like shape and
reducing the hydrodynamic volume (Higiro, Herald, Alavi, & Bean,
2007).

3.2. Dynamic shear properties

In order to evaluate the effects of the different galactoman-
nans on the properties of �-carrageenan/galactomannan and
xanthan/galactomannan mixed gels, dynamic measurements were
performed for different mixture ratios of the polysaccharides
over a frequency range of 0.1–100 rad s−1. Fig. 1(a) and (b)
shows the values of the storage modulus (G′) of the mixed sys-
tems of �-carrageenan/S. japonica galactomannan and xanthan/S.
japonica galactomannan, respectively. These systems were cho-
sen as examples to demonstrate the typical behavior of the
�-carrageenan/galactomannan and xanthan gum/galactomannan

gels.

The mechanical spectra of the mixed polysaccharide gels are
characterized by a modest dependency of the shear storage mod-
ulus (G′) over the entire range of frequencies (indeed, G′ is almost
independent of the frequency for ω > 1 rad s−1). Moreover, the rela-
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ig. 2. Effect of (a) �-carrageenan/galactomannan and (b) xanthan gum/galactoma
t a frequency of 1.5 rad s−1, at 25 ◦C; guar gum ( ); locust bean gum (�); Gleditsia
standard deviation limits).

ive order (in terms of the magnitude of G′) of the different systems
s preserved over all the frequency range tested, i.e. the differences
xisting between the systems tested are constant, regardless of
he frequency at which the measurements were performed. The G′

alues obtained at 1.5 rad s−1 (frequency taken as representative,

iven the behavior observed in Fig. 1 and also in other polysaccha-
ide systems—data not shown) from the mechanical spectra at 25 ◦C
ere plotted versus the percentage of �-carrageenan and xanthan

n the mixtures (Fig. 2a and b, respectively).

ig. 3. Mechanical spectra of �-carrageenan gel and �-carrageenan/galactomannans mix
bserved, at a total polysaccharide concentration of 1%, at 25 ◦C: (a) 100% �-carrageenan
0/40 �-carrageenan/Gleditsia triacanthos, (e) 60/40 �-carrageenan/Sophora japonica (G′ (
atio on the storage modulus (G′) of mixed gels (total polymer concentration: 1.0%)
nthos galactomannan (♦) and Sophora japonica galactomannan ( ) (bars indicate

Fig. 2(a) shows the effect of varying �-carrageenan concentra-
tion on the rheological behavior of �-carrageenan/galactomannan
blends, where the concentration of �-carrageenan is seen to play a
crucial role in determining the synergistic interaction of biopoly-
mers. A synergistic maximum of G′ was obtained at different

weight ratios, depending on the galactomannan: 80:20 for guar
gum, 60:40 for locust bean gum, 60:40 for G. triacanthos galac-
tomannan and 60:40 for S. japonica galactomannan. The results
obtained for �-carrageenan/guar gum and �-carrageenan/locust

ed gels for the mixture ratios at which the maximum synergistic interaction was
, (b) 80/20 �-carrageenan/guar gum, (c) 60/40 �-carrageenan/locust bean gum, (d)
�), G′′ (©) and [�*] (�)).
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ig. 4. Mechanical spectra of xanthan and xanthan/galactomannans mixed gels for
olysaccharide concentration of 1%, at 25 ◦C: (a) 100% xanthan, (b) 20/80 xanthan/g
e) 20/80 xanthan/Sophora japonica (G′ (�), G′′ (©) and [�*] (�)).

ean gum systems are consistent with those obtained by Azero and
ndrade (2006) and Hernandez, Dolz, Dolz, Delegido, and Pellicer

2001), respectively. The synergy between �-carrageenan/locust
ean gum was quite strong while only a slight variation was found
or the �-carrageenan/guar gum system. Fernandes et al. (1991)
eported a higher ratio (80:20) at which maximum locust bean
um and �-carrageenan interactions were observed. This diver-
ence may reflect differences in the purity of the gums, since the
ocust bean gum used in the present study is a highly refined
um (Table 2) and may reflect the effects of ions concentration
n �-carrageenan (specially the high potassium content present
n the sample used in this work). In fact, the synergistic maxi-

um depends on the salt concentration and can shift from 90%
-carrageenan to 35% �-carrageenan in 0.1 M KCl (Dunstan et al.,
001; Stading & Hermansson, 1993).

For all xanthan/galactomannan systems, the maximum synergy
as observed for a ratio of 20:80 (% w/w). The main variables for

anthan and galactomannan interactions are the molecular xan-
han conformation (that changes with the applied temperatures)

nd the galactomannan structure in solution and, in the case of
ocust bean gum, the dissolution temperature is also important
Casas & Garcia-Ochoa, 1999). In the galactomannan structure M/G
s important but the presence of galactose residues positioned on
nly one side of the mannan chain also is (Williams & Phillips,
ixture ratios at which the maximum synergistic interaction was observed, at a total
m, (c) 20/80 xanthan/locust bean gum, (d) 20/80 xanthan/Gleditsia triacanthos and

1995). Ionic strength and pH are also factors to be considered
(Sworn, 2000, chap. 6). The results obtained for xanthan/guar gum
system are in agreement with those reported by Sworn (2000, chap.
6). For xanthan/locust bean gum mixtures, the maximum interac-
tion has been reported for 50:50 mixtures (Copetti, Grassi, Lapasin,
& Pricl, 1997; Sworn, 2000, chap. 6), however, there are other
authors that observed different ratio values. For instance, Casas
and Garcia-Ochoa (1999) obtain a maximum for 2:4 in most tested
cases, although they also mention that, depending on the dissolu-
tion temperature or total gum concentration, this can be displaced
to 3:3 or 1:5 ratios and Wang, Wang, and Sun (2002) showed a
maximum gel strength between 0.4:0.6 and 0.6:0.4 xanthan/locust
bean gum, depending on salt concentration and hot or cold mixing.

Mechanical spectra obtained for gels of �-carrageenan and xan-
than alone and for their mixtures with guar gum, locust bean gum,
G. triacanthos galactomannan and S. japonica galactomannan are
shown in Figs. 3 and 4, respectively, for the mixture ratios at which
the maximum synergistic interaction was observed.

As shown in Figs. 3 and 4, the addition of guar gum, locust bean

gum, G. triacanthos galactomannan or S. japonica galactomannan
leads to the formation of stronger gels, in comparison with �-
carrageenan (Fig. 3a) or xanthan alone (Fig. 4a), although this effect
is stronger for locust bean gum and S. japonica galactomannan (for
higher M/G ratios).
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Table 3
Melting (Tm) and gelation (Tg) temperatures (±standard deviation) of �-carrageenan and �-carrageenan/galactomannans mixed gels for the mixture ratios at which the
maximum synergistic interaction was observed.

Systems Ratio (% w/w) Tm/◦C Tg/◦C

�-Carrageenan 100:0 36.20 ± 0.82a 27.09 ± 0.61b

�-Carrageenan/Guar gum 80:20 35.10 ± 0.42a 24.35 ± 0.64b

�-Carrageenan/Locust bean gum 60:40 45.25 ± 0.49a 25.10 ± 0.14b

�-Carrageenan/Gleditsia triacanthos 60:40 39.10 ± 0.57a 23.20 ± 0.14b
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(Fernandes, Gonçalves, & Doublier, 1992). These authors obtained

T
M
s

P

�-Carrageenan/Sophora japonica 60:40

robability values were obtained by one-way ANOVA. Different letters in the same

The synergistic effect is illustrated by the rise of G′ and by the
ecreased frequency dependence of both moduli due to the pres-
nce of galactomannans. This indicates that the addition of a certain
mount of galactomannan, regardless of their M/G ratios and their
ne structures, can enhance the gelling network.

As discussed previously, galactomannans are polysaccharides in
hich the mannose backbone is partially substituted by single-unit

alactose side chains and the degree and pattern of substitution
aries between the galactomannans and this strongly influences
he extent of interaction with �-carrageenan or xanthan. From
igs. 3 and 4, and as previously pointed out in Fig. 2, it is shown
hat the magnitude of the synergistic interaction depends on the
alactomannan used in the mixture, particularly on their structural
ifferences.

Regarding the �-carrageenan systems, and for the mixture ratios
t which the maximum synergistic interaction was observed, the
ighest value of G′ was obtained for locust bean gum followed
y S. japonica galactomannan, guar gum and G. triacanthos galac-
omannan (Figs. 2a and 3). Dea et al. proposed a mechanism for the
nteraction between the double-stranded helix of �-carrageenan
nd the unbranched “smooth” segments of the d-mannose back-
one of the galactomannan molecules (Dea et al., 1972; Dea &
orrison, 1975). However, considerable controversy still exists

oncerning the understanding of the mechanisms involved.
Also for the xanthan/galactomannan interactions there is still

uch debate about the exact nature of the synergy. However, it is
enerally accepted that the xanthan gum interacts with the unsub-
tituted “smooth” regions of the galactomannan molecules (Dea
t al., 1977; Morris, 1977). Concerning xanthan/galactomannan
lends, locust bean gum and S. japonica galactomannan exhibited
tronger interactions with xanthan when compared with guar gum
nd G. triacanthos galactomannan (Figs. 2b and 4).

It is noteworthy to point out that �-carrageenan/locust bean
um and xanthan/locust bean gum systems showed the highest
ynergistic interactions despite the value of M/G for locust bean
um being of ca. 4, compared to 5.75 for S. japonica galactoman-
an (Cerqueira et al., 2009). This means that there should be more

nsubstituted regions in S. japonica galactomannan than in locust
ean gum. However, as pointed out by Dea, Clark, and McCleary
1986), the galactose distribution pattern on the mannan backbone
nfluences the length and frequency of the unsubstituted region.

able 4
elting (Tm) and gelation (Tg) temperatures (±standard deviation) of xanthan and xan

ynergistic interaction was observed.

Systems Ratio (% w/w)

Xanthan 100:0
Xanthan/Guar gum 20:80
Xanthan/Locust bean gum 20:80
Xanthan/Gleditsia triacanthos 20:80
Xanthan/Sophora japonica 20:80

robability values were obtained by one-way ANOVA. Different letters in the same line re
42.20 ± 0.71a 25.14 ± 0.14b

present statistical different results (p < 0.05).

Thus, the improved synergy of locust bean gum compared to S.
japonica galactomannan should be attributed to the fine structure of
these galactomannans. As expected, the G. triacanthos galactoman-
nan (M/G ratio equal to 2.82, Cerqueira et al., 2009) and guar gum
(M/G ratio approximately 2) exhibited the lowest interactions with
both �-carrageenan and xanthan.

It is also clear that the mechanical spectra obtained for
mixtures of locust bean gum with �-carrageenan and xanthan
(Figs. 3c and 4c) and for blends of S. japonica galactomannan with
�-carrageenan and xanthan (Figs. 3e and 4e) present the behavior
of stronger gels in comparison with the other systems, with higher
values of G′ and [�*] and a lower frequency dependence of both
dynamic moduli (particularly in ω ≥ 1 rad s−1 range).

3.3. Heating/cooling cycles

Heating/cooling cycles were performed for �-carrageenan and
xanthan alone and for mixtures of these polysaccharides with guar
gum, locust bean gum, G. triacanthos galactomannan and S. japonica
galactomannan, in regime of low-amplitude oscillations at a fre-
quency of 6.28 rad s−1 with an increase in temperature at a rate of
2 ◦C/min and at a total polysaccharide concentration of 1%.

Concerning �-carrageenan systems, as the temperature
increases and melting occurs, the connectivity between the
polysaccharides decrease and the gel network structure is destruc-
ted. This is reflected by a progressive predominance of viscous
modulus (G′′) over the elastic modulus (G′). The inverse behavior
was observed during the cooling process. Sol-gel transition was
defined by the cross-over of the G′–G′′ moduli as described in the
case of the physical gels by Cuvier and Launay (1990).

Table 3 show the melting (Tm) and gelation (Tg)
temperatures obtained for �-carrageenan alone and for �-
carrageenan/galactomannans gels correspondent to synergistic
maxima.

�-Carrageenan sample exhibited a clear hysteresis (Tm > Tg),
that is consistent with behavior reported in the literature
a Tg between 24 ◦C and 25 ◦C and a Tm of 32 ◦C. Concerning �-
carrageenan/galactomannan systems, Tm seems to be dependent
on the galactomannan present in the blend: the highest values
were obtained for locust bean gum and S. japonica galactomannan

than/galactomannans mixed gels for the mixture ratios at which the maximum

Tm/◦C Tg/◦C

64.43 ± 5.20a 64.95 ± 3.89a

32.53 ± 4.15a 28.20 ± 1.57b

53.43 ± 0.60a 51.27 ± 0.40b

48.80 ± 1.25a 47.23 ± 0.15b

52.80 ± 0.53a 50.93 ± 0.12b

present statistical different results (p < 0.05).
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nd the lowest values were obtained for G. triacanthos galactoman-
an followed by guar gum (Table 3). However, in these systems
m and Tg also depend on the ionic content and �-carrageenan
oncentration (Fernandes, 1995). The exact temperature for the
hysical transition may vary slightly, depending on the cool-

ng/heating rate (Rinaudo & Moroni, 2009). These systems are
hermally reversible and a significant (p < 0.05) thermal hystere-
is was observed between melting and gelation in accordance with
revious findings (Andrade, Azero, Luciano, & Gonçalves, 2000;
ernandes et al., 1991). Furthermore, a higher thermal hysteresis
�T = Tm − Tg) was observed for all �-carrageenan/galactomannan

ixtures than for �-carrageenan alone, as described by Fernandes
t al. (1992). These authors reported similar results of Tm and Tg

hen �-carrageenan was mixed with locust bean gum (26 ◦C and
6 ◦C, respectively).

Regarding xanthan systems, a progressive change from the
ehavior of a typical gel to that of a quasi-solution state
as observed on increasing of temperature, while cooling pro-

ess induced gel formation, as also observed for �-carrageenan
ystems. The Tm and Tg obtained for xanthan alone and for xan-
han/galactomannan gels (correspondent to the peak of synergy)
an be observed in Table 4.

Concerning xanthan gum, no thermal hysteresis was detected
etween melting and gelation. This behavior is a consequence of the
ully reversibility of disorder–order transition of xanthan (Agoub,
mith, Giannouli, Richardson, & Morris, 2007). A slight hysteresis
as observed for all the xanthan/galactomannan systems, charac-

erized by a significant (p < 0.05) increase of Tm over the Tg values.
The present results show that the gelation and melting tem-

eratures of these systems is related (although not directly) to
he galactomannan M/G ratio, among other characteristics such
s galactomannans fine structure and molecular weight (Schorsch,
arnier, & Doublier, 1997).

The value of Tm obtained for xanthan/locust bean gum (Table 4)
alls nicely in the interval 50–60 ◦C, which is typical of this system
Fernandes, 1995; Sworn, 2000, chap. 6).

. Conclusions

G. triacanthos galactomannan and S. japonica galactomannan
nteract with �-carrageenan and xanthan to form synergistic
els. The rheological behavior of �-carrageenan/galactomannan
nd xanthan/galactomannan systems suggest a dependency upon
oth the M/G ratio and the fine structure of the galactoman-
an chain, since the strongest synergy was obtained for locust
ean gum (M/G = 4) followed by S. japonica galactomannan
M/G = 5.75), guar gum (M/G = 2) and G. triacanthos galactomannan
M/G = 2.81).

The galactomannans of G. triacanthos and S. japonica represent
nteresting alternatives to the traditional guar gum and locust bean
um and their mixtures with xanthan or �-carrageenan can be used
o provide different rheological characteristics to food products.
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