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a  b  s  t  r  a  c  t

Galactomannan  extracted  from  seeds  of Cassia  grandis  with  0.1  M NaCl,  followed  by ethanol  precipita-
tion,  presented  a  yield  of  36  ± 8%. The  polysaccharide  has  a constant  mannose/galactose  ratio  (2.44:1).
Methylation  analysis,  one  and two  dimensional  NMR  spectroscopy  confirmed  that  the  polysaccharide  has
a central  core  composed  of  4-linked  �-mannose  units,  with  branches  of galactose,  linked  to  the  carbohy-
drate  core  through  �(1–6)  linkage.  The  amorphous  nature  of  the  galactomannan  was  confirmed  by  X-ray
diffraction.  Rheological  characterization  exhibited  Newtonian  plateaus  followed  by  shear-thinning  zones
eywords:
alactomannan
assia grandis
heology
-ray

characteristic  of  polymer  solutions  up to 1.5%  (w/v)  and  above  this  value  the  system  exhibited  yield  stress
associated  with  a  weak  gel. Adjusting  stress-strain  curves  confirmed  a 1.6%  (w/v)  as the  galactomannan
concentration  value  for the  sol–gel  transition.  These  results  indicate  that  the  galactomannan  extracted
from  C.  grandis  seeds  presents  rheological  characteristics  suitable  for  applications  in  pharmaceutical,
biomedical,  cosmetic  and  food  industries.
MR
haracterization.

. Introduction

Galactomannans are polysaccharides widespread in nature.
heir basic structure is formed by a central core of �(1→4)-
inked d-mannopyranose(Man) to which �(1→6)-linked �-d-
alactopyranosyl(Gal) units are attached. These polysaccharides
re commonly extracted from the endosperm of numerous
eed plants (particularly the Leguminosae) where they develop
nergy-reserve and hydration functions. Due to its specific phys-
cochemical properties such as high molecular weight, water
olubility, non-ionic character, and absence of toxicity (Gidley &
eid, 2006; Pollard, Eder, Fischer, & Windhab, 2010), this polysac-
haride can be used in food, pharmaceutical, biomedical, cosmetic,
extile and paper industries (Srivastava & Kapoor, 2005), especially

s an emulsion stabilizer, in the preparation of films (Cerqueira
t al., 2009a, 2011; Mikkonen et al., 2007) and as a gelling agent

∗ Corresponding author. Tel.: +55 81 2126 8540; fax: +55 81 2126 8576.
E-mail address: mgcc@ufpe.br (M.G. Carneiro-da-Cunha).

144-8617/$ – see front matter ©  2014 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2014.01.010
© 2014 Elsevier Ltd. All rights reserved.

(Pinheiro et al., 2011; Vendruscolo, Andreazza, Ganter, Ferrero, &
Bresolin, 2005).

Galactomannans are used in various pharmaceutical forms, such
as tablets or capsules, hydrogels and films. Besides the simple use
as an inert excipient, this polysaccharide plays a role in controlled
drug delivery, especially in colonic environment, being used as a
matrix or coating material (Silveira & Bresolin, 2011). In the food
industry, galactomannans from non-traditional sources are being
evaluated as films or coatings to prolong the shelf life of various
foods such as tropical fruits (Cerqueira et al., 2009a) and ricotta
cheese (Martins, Cerqueira, Souza, Avides, & Vicente, 2010).

Galactomannans extracted from seeds of four different species
of Leguminosae, Adenanthera pavonina, Caesalpinia pulcherrima,
Gleditsia triacanthos and Sophora japonica, showed adequate char-
acteristics for food and biomedical industry applications (Cerqueira
et al., 2009b). The synergistic interactions of two non-conventional
galactomannans (G. triacanthos and S. Japonica) with carrageenan
and xanthan represent alternatives to the traditional galactoman-

nans guar gum and locust bean gum with the same polysaccharides,
and can be used to provide different rheological characteristics of
food products (Pinheiro et al., 2011). The content of water solu-
ble gum (32–34%) found in the seeds of Cassia grandis from India

dx.doi.org/10.1016/j.carbpol.2014.01.010
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.01.010&domain=pdf
mailto:mgcc@ufpe.br
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as reported by Joshi and Kapoor (2003) as having characteristics
o become a potential source of this polysaccharide. New sources
f seed gums are demanded worldwide and searching for renew-
ble sources of these polysaccharides is justified. In spite of the rich
iodiversity of the local flora and of the favorable climate for their
roduction, Latin American sources of galactomannans are not yet
ell known.

C. grandis is a small to medium size tree, belonging to the
eguminosae family and subfamily of Caesalpinioideae, native of
ropical and Central America and West India and widespread in
razil, a tropical country. As C. grandis seeds contain large amounts
f galactomannan, this work aimed at the extraction, structural
nd rheological characterization of this polysaccharide for future
iotechnological applications.

. Material and methods

.1. Material

The pods of C. grandis were collected at the rural zone of
ernambuco State, in the city of Angelim (Brazil), in July 2011.
thanol 99.8%, acetone PA, sodium chloride and phenol were
btained from Vetec Fine Chemicals Ltda. (Brazil). All other chem-
cals were of analytical grade.

.2. Extraction of the galactomannan from C. grandis seeds

The pods of C. grandis were immersed in distilled water at 25 ◦C
or 18 h and then separated in a half part, revealing the seeds
rapped in a black and stick mass. The seeds were removed and
laced in an oven at 100 ◦C until reaching a constant weight. The
ry seeds (Mi) were boiled in distilled water [1:5 (w/v)] at 100 ◦C
or 1 h for enzyme inactivation and maintained in water by 18 h
t 25 ◦C to facilitate removal of the hull. After this period, the hull
as removed and the seeds without hull, endosperm plus germ,
ere triturated in a blender with 0.1 M NaCl [5% (w/v)] at 25 ◦C,
ltered through a vual tissue, that was followed by a new filtra-
ion using screen printing cloth (90 thread type) and precipitated
ith 46% ethanol [1:3 (v/v)] for 18 h. The white precipitate obtained
as filtered on screen printing cloth (110 thread type), washed
ith 100% ethanol [1:3 (w/v)] for 30 min  and two times with ace-

one PA [1:3 (w/v)] for 30 min, filtered on screen printing cloth
110 thread type) between each washing. The precipitated galac-
omannan obtained was placed in an oven at 100 ◦C until constant
eight (Mf) and finally pulverized and kept in a dry place until fur-

her use.The yield of extraction was calculated by dividing the final
ass of galactomannan (Mf) by the initial mass of the dry seeds (Mi)

nd express as % w/w. The experiment was carried out in triplicate
nd the results expressed as mean ± standard deviation.Structural
haracterization

.2.1. Fourier Transform Infrared Spectroscopy and X ray patterns
The polysaccharide extracted from C. grandis seeds was char-

cterized by Fourier Transform Infrared (FTIR) Spectroscopy on
 VERTEX 70 (Bruker Optics, USA) spectrometer under dry air at
oom temperature (25 ◦C) using KBr pellets. The polysaccharide
as mixed with KBr then compressed into 1 mm tablets and spectra
ere scanned between 4000 and 500 cm−1 with 4 cm−1 of resolu-

ion.
The crystal structure of the polysaccharide was  analyzed by X

ay diffraction using a Bruker D8 Advance (Germany) diffractome-
er (30 kV, 30 mA)  equipped with Cu K� radiation at wavelength of

.154 nm.  The measurements were carried out for an angular inter-
al varying from 5–60◦ (2�  range), scanning rate of 5◦/min, step of
.02◦ and 2 s per step. To determine the polysaccharide crystallinity,
he total diffracted area and the area under the crystallinity peaks
 Polymers 104 (2014) 127– 134

were evaluated by integration after correcting the data for absorp-
tion. The ratio of the crystalline area to the total area was taken as
the relative crystallinity.

2.2.2. Monosaccharide composition and methylation analysis of
the polysaccharide

The polysaccharide (5 mg)  was  hydrolyzed with 5 M trifluo-
roacetic acid for 4 h at 100 ◦C, reduced with borohydride, and
the alditols were acetylated with acetic anhydride:pyridine (1:1,
v/v). The acetylated alditols were dissolved in chloroform and
analyzed in a gas–liquid chromatography/mass spectrometry
(GCMS-QP2010 Shimadzu, Japan) with a Restek column RTX-5MS,
according to Kircher (1960). For methylation analysis the polysac-
charide (5 mg)  was  subjected to two  rounds of methylation as
described by Ciucanu and Kerek (1984). The methylated polysac-
charide was  hydrolyzed, reduced with borohydride, acetylated and
analyzed on a GCMS instrument, as described above.

2.2.3. Nuclear magnetic resonance spectroscopy
One (1D) and two-dimensional (2D) spectra of the polysac-

charide were recorded using a Bruker DRX 600 MHz apparatus
with a triple resonance probe, as described previously (Tovar
et al., 2012). Approximately 5 mg  of each sample was dissolved in
0.5 ml  of 99.9% deuterium oxide (Cambridge Isotope Laboratory,
Cambridge, MA,  USA). All spectra were recorded at 45 ◦C with HOD
(deuterated water exhibiting a peak due to exchange with resid-
ual H2O) suppression by presaturation. For 1D 1H NMR  spectra, 32
scans were recorded, using an inter-scan delay equals 1 s. For 2D
1H/1H TOCSY (total correlated spectroscopy) and 1H/13C HSQC (het-
eronuclear single quantum coherence) experiments, spectra were
recorded using states TPPI (time proportion phase incrementation)
for quadrature detection in the indirect dimension. TOCSY spectra
were run with 4046 × 400 points with a spinlock field of 10 kHz
and a mixing time of 80 ms.  Two-dimensional 1H/13C multiplicity-
edited HSQC spectra were recorded at 45 ◦C with HOD  suppression
by presaturation, with 256 scans. The increment number setup
was set to 64, and states-TPPI were used for quadrature detec-
tion in the indirect dimension and run with 1024 × 256 points with
globally optimized alternating phase rectangular pulses (GARP)
for decoupling. Chemical shifts were displayed relative to exter-
nal trimethyl-silylpropionic acid at 0 ppm for 1H and relative to
methanol for 13C.

2.3. Rheological measurements

The experiments were conducted in a stress controlled rheome-
ter (Anton Paar MCR  301) equipped with a temperature controller.

The less viscous samples [0.5–1.0% (w/v)] were inserted into
a two  concentric cylinder geometry cell with outer diameter
(o.d.) = 28 mm and internal diameter (i.d.) = 24 mm.  For the more
viscous samples [1.5 and 2% (w/v)] a circular parallel plate cell
with internal diameter (i.d.) = 25 mm and a height (h) = 1 mm gap
between plates was employed. Unless when explicitly stated, all
rheology experiments were conducted at 25 ◦C.

2.3.1. Rotational flow studies
The flow studies were conducted in continuous steady state

shear rotational mode. The shear-rate, �̇ , externally applied in the
sample varied from 1 to 1000 s−1 and 50 points were acquired. The
apparent viscosity, �, response was  recorded.
2.3.2. Oscillatory flow studies
The dynamic oscillatory mode studies were conducted varying

the applied torque/deformation angular frequency, ω, from 1 to
500 rad s−1. The storage (G’) and loss (G”) module sample responses
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ere recorded during the frequency sweep at a rate of one acqui-
ition every 5 s. The strain deformation amplitude, � , was fixed at
.2% amplitude and 50 points were acquired.

.3.3. Temperature stability studies
For the temperature stability study, the rheometer was oper-

ted in oscillatory mode. For a fixed frequency ω = 2� rad s−1 and
n externally fixed applied shear stress, � = 2 Pa, the temperature
as ramped up continuously at a rate of 5 ◦C per min  and the stor-

ge (G’) and loss (G”) module sample responses were recorded. The
emperature interval was from 0 ◦C to 70 ◦C. Data was  recorded
very 6 s and 241 points were collected.

.3.4. Stress-strain studies
For the stress-strain study, the rheometer was operated in oscil-

atory mode. For a fixed frequency ω = 2�− rad s−1 an externally
pplied shear stress, �, was varied from 1 to 300 Pa and the stor-
ge (G’) and loss (G”) module sample responses were recorded. One
cquisition was performed every 5 s and 50 points were obtained.

. Results and discussion

.1. Extraction and yield

In most of the studies involving extraction of galactomannans
rom legumes endosperm, milling and extraction procedures are
ot specified in detail or even mentioned. In general, the seed treat-
ent includes sequential milling of the whole seeds and aqueous

xtraction of the galactomannans by several agitation steps and
ubsequent precipitation in alcoholic medium (Dakia Wathelet, &
aquot, 2007; Pollard et al., 2008).

The yield of polysaccharide extraction from seeds is generally
xpressed as a percentage of dry mass obtained after extraction
n relation with the dry weight of seeds (Buckeridge, Panegassi,
ocha, & Dietrich, 1995; Pollard et al., 2010). Many of the seed gums
arketed are constituted of endosperm plus germ obtained only
ith hull removal (Perduca et al., 2013).

Considering the importance of the purity of the final product as
ell as the need to reduce the number of unit operations involved

n the steps of extraction and purification, especially at indus-
rial level, the samples containing the endosperm plus germ were
elected for extraction of galactomannan from C. grandis seeds.

The extraction yield was of 36 ± 8%, similar to 32–34% found
or the seeds of C. grandis from India (Joshi & Kapoor, 2003) and
igher than the 26% found in the seeds of C. javanica (Andrade,
zero, Luciano, & Gonç alves, 1999). Regarding the extraction yield
f the galactomannans of the subfamily Caesalpinioideae, several
tudies report values between 8 and 40% of the seed weight, which
re higher than the values for other species of Brazilian legumes
Dea & Morrison, 1975; Buckeridge, Panegassi, Rocha, & Dietrich,
995). Based on these values, it may  be concluded that an efficient
ethodology was used in this work for the extraction of the galac-

omannans of the seeds of C. grandis.Structural characterization by
ourier Transform Infrared Spectroscopy and X-ray diffraction

The FTIR spectrum confirms that the extracted material
s a galactomannan. Absorption at 3389 cm−1 between the
egions 3500–3100 cm−1 is characteristic of a carbohydrate
ing (Kim, Park, Nam, Lee, & Lee, 2003; Peng, Zhang, Zeng,

 Xu, 2003) and represents hydroxyl stretching vibration
f polysaccharides and water involved in hydrogen bonding
Fringant, Tvaroska, Mazeau, Rinaudo, & Desbrieres, 1995). The
bsorption at 2928 cm−1 between the regions 3000–2800 cm−1
as assigned to the stretching vibration of the methylene
roup (C–H). In the anomeric region (950–700 cm−1), the
olysaccharide exhibited the obvious characteristic absorption
t 874 and 814 cm−1, assigned to �-d-galactopyranose and
 Polymers 104 (2014) 127– 134 129

�-d-mannopyranose, respectively (Figueiró, Góes, Moreira, & Som-
bra, 2004; Yuen, Choi, Phillips, & Ma,  2009), revealing the
coexistence of � and � glycosidic bonds (Kim et al., 2003; Peng
et al., 2003).

It is known that polysaccharides naturally interact with water,
leading to structural transitions related to amorphous-crystalline
transitions, with a great impact on their molecular mobility and
functional properties (Yakimets et al., 2007). X ray diffraction (not
shown) confirmed the amorphous nature of C. grandis galactoman-
nan presenting a broad peak around 2� = 20◦, characteristic of
amorphous structures (Martins et al., 2012).

The crystallinity index, denoted by the alignment of molecules
in a particle structure (Mudgil, Barak, & Khatkar, 2012), was  cal-
culated and obtained value of 0.334 that was higher than those
obtained from other seed galactomannans, such as G. sinensis
(0.297), G. melanacantha (0.278) and G. microphylla (0.285) (Jiang,
Jian, Cristhian, Zhanga, & Sun, 2011), as well as for native guar gum
(0.240) (Shobha, Vishukumar, Tharanathan, & Randgaonkar, 2005).
The results indicate that the drying process might have improved
the organization of the chain thereby increasing the crystallinity of
the material (Vendruscolo et al., 2009).

3.2. Monosaccharide composition

The monosaccharide composition determined by gas–liquid
chromatography/mass spectrometry revealed that the polysaccha-
ride from C. grandis seeds is a mixture of 71.0% mannose and 29.0%
galactose. No other sugar was detected on this polysaccharide up
to a limit of <2.0% as % of dry weight. The mannose/galactose ratio
(2.44:1) is similar to the value (3.15:1) reported for the galac-
tomannan from C. grandis seeds from India (Joshi & Kapoor, 2003)
and also to other Cassia seed galactomannans namely C. siamea
(2.55:1) (Kapoor, Milas, Taravel, & Rinaudo, 1996), C. spectabilis
(2.6:1) (Kapoor et al., 1998) and C. angustifolia (2.9:1) (Chaubey &
Kapoor, 2001).

Methylation of this polysaccharide showed a preponderance of
the 2,3,6-tri-O-methyl derivative from mannose (59% of the total
methylated derivative), indicating that the preponderant struc-
ture is composed of 4-linked mannosyl units. Galactose occurs as
2,3,4,6-tetra-O-methyl derivative (15% of total derivative), indi-
cating that this sugar is a non-reducing terminal branches. The
detection of 2,3-di-O-methyl mannose (12%) in approximately
the same proportion as the tetra-methyl derivative from galac-
tose, indicates that the branches occur at position 6 of the major
mannose backbone. We also detected minor amounts of 2,3,6-
tri-O-methyl (6% of total methylated derivative) + 2,3-di-O-methyl
(4%) derivatives of galactose and unmethylated mannose (4%).
These derivatives may  originate from minor structures or incom-
pleted methylation reaction. Methylation analysis confirms that
the polysaccharide contains ∼75% mannose and ∼25 galactose, as
indicated by the chemical analysis (see above).

The results are altogether different from those previously
reported from Bose and Srivastava (1978), for C. grandis seed
polysaccharide with respect to sugar composition (Gal,/Man,/Xyl
in a ratio of 7:5:1) and structural features, but agrees with that
reported from Joshi and Kapoor (2003), for who other Cassia seed
galactomannans provides about 2/3 of unbranched mannose units
necessary for synergistic interaction, and observed the same three
methylated sugars. Other minor derivatives were also detected,
which does not decrease the efficiency of the purification process.

3.3. Nuclear magnetic resonance spectroscopy
The structure of the galactomannan from C. grandis was further
investigated using one-dimensional (1D) and two-dimensional
(2D) NMR  spectroscopy (Figs. 1 and 2). The 1D 1H NMR  spectrum
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Fig. 1. One-dimensional 1H NMR  spectrum (A) and splices of 1H-1H TOCSY (B) spectrum of the galactomannan from C. grandis. G and M indicate signals from the �-galactose
and  �-mannose units, respectively.

Table 1
1H and 13C chemical shifts of the galactomannan from C. grandis.

Structure H-1/C-1 H-2/C-2 H-3/C-3 H-4/C-4 H-5/C-5 H-6/C-6

F
o
(
r

�-D-Gal 5.01/99.61 3.81/69.24 

�-D-Man unbranched at O-6 4.73/100.96 4.11/70.74 

�-D-Man branched at O-6 4.74/101.15 4.11/70.74 
ig. 2. 1H-13C HSQC spectrum of the galactomannan from C. grandis. The signals
f  CH carbon/proton are in blue (phase signals) and those from CH2 in green
antiphase). G and M indicate signals from the �-galactose and �-mannose units,
espectively.
3.93/70.19 3.99/70.12 3.89/72.10 3.74/61.97
3.80/72.23 3.81/77.37 3.55/75.86 3.90/61.34
3.80/72.23 3.83/77.64 3.75/74.20 3.96/67.37

(Fig. 1A) clearly showed a 1H anomeric signal of �-galactose
at 5.01 ppm. The anomeric proton from �-mannose resonates
in the same region as the water signal. After we  increased the
temperature from 35 ◦C to 45 ◦C we  were able to identify this signal
at 4.73 ppm but its intensity still affected by the program use to
suppress the water signal. As a consequence, the signal of the
anomeric protons from the �-mannose units is underestimated
when compared with the chemical and methylation analysis (see
above).

The 1H-1H TOCSY spectrum (Fig. 1B) allowed us to identify the
major spin systems. In particular we  confirm that the non-terminal
branch unit is �-galactose. The polysaccharide backbone contains
�-mannose residues as substituted and non-substituted units. The
H-1, H-2 and H-3 chemical shifts of these two units are coincident
(Table 1).

The edited 1H-13C HSQC spectrum (Fig. 2) allowed us to distin-
guish some of these two �-mannose units. In this spectrum the
signals from H6 occurs as anti-phase signals (shown in green in
the panel). Clearly the 13C signal from 6-branched �-mannose unit
is down filed shifted, as expected for a glycosylated position. The
values of 1H and 13C chemical shifts are shown in Table 1 and coin-
cident with the structure proposed for a polysaccharide composed
of 4-linked �-mannose units, with branches of galactose, linked to
the carbohydrate core through �(1–6) linkage.

3.4. Rheological characterization
3.4.1. Flow results
Fig. 3 depicts flow experiments where the apparent viscosity of

galactomannan (gal.) water solutions is measured as a function of
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Table 2
Fitting parameters for flow curves of the different galactomannan concentrations
depicted in Fig. 3.

Galactomannan [% (w/v)] �0(Pa s) �̇c (s−1) p �∞ (Pa s)

0.5 0.10 200 0.65 0.001
0.8  0.33 70 0.65 0.001
1.0  1.71 30 0.80 0.001
1.5  9.43 10 0.80 0.001
ig. 3. Rotational steady flow experiments measurements of apparent viscosity �
s  a function of shear-rate �̇ . The inset shows the zero-shear viscosity, �0, extracted
rom the main graphic, as a function of galactomannan concentration.

hear-rate for different polysaccharide concentrations (w/v). Vis-
osity shear-thinning was observed for all concentrations tested.
owever, at small shear-rates and concentrations <1.0%, the appar-
nt viscosity exhibits a Newtonian plateau. This plateau has its
ength reduced as the concentration increases finally disappearing
ompletely for 2.0% concentration.

For concentrations <1.0%, the Newtonian plateau is followed by
 power-law decrease in viscosity as a function of shear rate (shear-
hinning regime). Within this region, the degree of shear-thinning is
uantified by the slope of the viscosity/shear-rate curve in a log–log
lot.

The observed shear thinning behavior is in agreement with
hat has been reported for others galactomannans, such as those

xtracted from Leucaena leucocephala seeds (Nwokocha & Williams,
012) and the most commercially used galactomannan, guar gum
Mudgil, Barak, & Khatkar, 2012).

The experimental curves depicted in Fig. 3 are a typical exam-
le of a polymer solution behavior described by the Cross Model
Cross, 1965). This model, initially devised for dispersion aggregates
olutions, has been very successful in describing the shear-thinning
ehavior of dilute polymer solutions.

The apparent viscosity in a rotational shear flow experiment as
 function of shear-rate is given by:

 = �∞ + �0 − �∞

1 +
(

�̇
�̇c

)p′ (1)

here �̇ is the shear-rate, �0 is the extrapolated value for the
iscosity at zero shear rate, �0 = � (�̇ → 0) , and �∞ is the viscos-
ty obtained at infinite shear rate, �∞ = � (�̇ → ∞).  The latter is
xpected to be dependent only upon the polymer density, given
hat contributions from interactions within its microstructure to
he viscosity become negligible when compared to the shear energy
xternally applied in this regime. The parameter �̇c is associated
ith the rupture of structural linkages; it is the critical shear-

ate above which shear-thinning behavior sets in. The exponent p
escribes the degree of shear-thinning and is a value between 0 and

. Depending on the values obtained for p an associated theoretical
odel becomes available.
The parameters utilized for fitting the data shown in Fig. 3 (solid

ines) are presented on Table 2. It is clearly shown that the degree
2.0  70* – 0.84 –

*This value was an extrapolation to the maximum viscosity value at this concentra-
tion.

of shear-thinning (represented by the p value) rises abruptly above
0.8% concentration. The evaluated shear-rate interval was not suf-
ficient to reach the �∞ value. Therefore, in Eq. (1), we  have simply
used a �∞ = 0.001 Pa s for all concentrations.

In a dilute regime, the degree of shear-thinning, described by
the exponent p, should be the same for all samples, with the shear-
thinning curves parallel to each other. Clearly, this is not what
happens with our data. Actually, for concentrations up to 0.8% there
is a set of parallel curves (p ∼ 0.6) and for concentrations above 0.8%
there is another set of parallel curves (p ∼ 0.8). This might indicate
a transition from a dilute polymer solution in a separate segments
regime (dilute regime) into a more interacting (entangled) arrange-
ment (semi-dilute regime). The value p = 0.84 is compatible with
the chain entangling in monodisperse polymers theory (Graessley,
1967). This model assumes viscosity governed by intermolecular
chain entanglements. Therefore the decrease in viscosity with shear
rate is caused by shear-induced changes in the network of entan-
glements.

At low shear rates, the entanglement reconstruction character-
istic time is expected to be governed by brownian diffusion effects
whereas at higher shear rates the disentangling rate is higher and
the system viscosity lowers (Castelain, Doublier, & Lefebvre, 1987).
The change on the degree of shear thinning seems to indicate a con-
centration dependent phase transition where for concentrations
below a threshold the system behaves as individual non interac-
ting strands of polymer (dilute regime) that are stretched along the
flow for high shear rates. Above the threshold concentration (semi-
dilute regime), the strands interact topologically and the shear
thinning results of the strand stretching and strands disentangling
effects, the latter occuring only at higher concentrations. A simi-
lar abrupt transition was  observed at the same 0.8% concentration
when examining the values of �0, as a function of concentration
(see the top right inset in Fig. 3). The inset shows the zero-shear
viscosity, �0, extracted from the main graphic, as a function of galac-
tomannan concentration. The two regimes depicted were adjusted
assuming two  regimes of power-law dependence: for the first
regime (dilute regime), represented by the black solid line, �0 ∝ Cmd

with md = 2.7; for the second regime (semi-dilute regime), shown
by the red solid line �0 ∝ Cmd with md = 5.5. Since the 2% concen-
tration did not show a steady value for �0, the maximum value of
viscosity for that concentration was  chosen.

From the critical shear-rate data, �c, the shear thinning regime
interval is reduced as concentrations decreases. For 0.5% concentra-
tion, the system behaves as a Newtonian fluid for most part of the
shear-rate interval. However, at 2.0% concentration no evidence
of a Newtonian plateau is observed indicating that, for the same
shear-rate interval, a gel transition has occurred.

3.4.2. Oscillatory and stress-strain results
Fig. 4 shows the storage, G′, and loss, G′′, moduli as a function
of different oscillatory parameters. The Fig. 4A shows an oscilla-
tory shear-stress experiment where G′ and G′′ are measured as
a function of the oscillatory shear angular frequency, ω,  for a
small fixed strain amplitude, and Fig. 4B shows a stress-strain
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xperiment where G′ and G′′ are measured as a function of an
xternally applied shear-stress,�, for several concentrations of
alactomannan solutions.

In Fig. 4A the system is kept in the so called linear viscoelastic
egime (LVR) where the structure is deformed but not destroyed,
ffering the opportunity to probe the microstructure of the galac-
omannan. Both G′ and G′′ continuously increase as a function of
scillating frequency with their slopes levelling off as the con-
entration increases, in agreement with the oscillatory behavior
bserved for other galactomannans (Nwokocha & Williams, 2012;
erduca et al., 2013).

For concentrations up to 1.5% there is an observable cross-over
etween G′′ and G′. Initially, the galactomannan behaves as a liquid
issipating most of the energy externally applied (G′′ > G′). Above
he cross-over, an elastic behavior sets in (G′ > G′′). The cross-over
requency ω(G′ = G′′) marks the time scale at which the transition
rom liquid-like to solid-like behavior occurs. The inverse of this
requency can be regarded as a measure of an effective junction
ifetime, which increases as the concentration increases. The abil-
ty to provide both liquid and solid state features suggests the use of
oncentrations up to 1.5% as films/coatings which are widely used
n pharmaceutical, biomedical and food industries. Furthermore
uch a biodegradable source can be used to improve cicatrization
rocesses as well as the existing packaging technology.

For a concentration of 2.0% the crossover disappears. At this
oncentration, where the two moduli evolve almost parallel with
requency increase, there is an evidence that the system has
eached a gel-like state (Winter & Chambon, 1986), such as has
een observed for xanthan gum (Williams & Philips, 2000) where
here is a tendency to undergo a weak intermolecular chain associ-
tion for the formation of a three-dimensional structured network
ehavior (Williams & Philips, 2000). Although (G′ > G′′), their differ-
nce is not sufficient to consider the system as a strong gel. It must
lso be pointed out that this concentration is the same where the
ewtonian plateau disappears (Fig. 3).

The Maxwell model is the simplest model for describing vis-
oelastic liquid systems. The model considers the behavior of a
tructured fluid as having a spring (elastic part) and a dash pot
dissipative part) components arranged in series. The equations
escribing the viscoelastic response of a system as a function of

n oscillating stress frequency or strain are:

′ (ω) =
(

�0

ωc

)
ω2

1 +
(

ω/ωc

)2
(2)
ifferent oscillatory parameters for several concentrations (% w/v) of galactomannan
nd G′′ as a function of applied shear stress,�.

G′′ (ω) = �0ω

1 +
(

ω/ωc

)2
(3)

where �0 is the zero stress viscosity, ω is the oscillatory stress/strain
angular frequency, and ωc is the frequency where G′′ and G′ cross,
�(G′ = G′′).

Examining both expressions in Eqs. 2 and 3 one derives that
at low frequencies, ω 	 ωc, the storage and loss moduli behave
as G′ ∼ ω2 and G′′ ∼ ω1, respectively. This behavior is observed for
samples at concentrations below 1.0%. For concentrations above
1.0% the frequency exponents decrease considerably approaching
a common value (see inset in Fig. 4A). In the latter regime, the
Maxwell model is not sufficient to explain the viscoelastic behavior.
This transition occurs around the same concentration values as in
the dilute to semi-dilute transtion in the flow experiments depicted
in Fig. 3. The high-frequency regime ω 
 ωc was not accessible
within the experimental frequency interval utilized.

The exponents n′, for G′∼ωn′
; and n”, for G′′∼ωn′′

, are depicted
in the inset of Fig. 4A as a function of galactomannan concentra-
tion. The exponents were obtained by fitting the data in the main
graphic considering the frequency interval below each respective
cross-over.

These exponents decrease linearly with the increase in concen-
tration, with n′ = n′′, for high concentrations as expected for gel
systems. At lower concentrations, the exponents approach the val-
ues predicted by the simple Maxwell model, n′ = 2 and n′′ = 1. At this
regime the galactomannan behaves as viscoelastic Maxwell liquids.

In Fig. 4B both moduli increase as a function of concentration
with G′′ > G′ up to 1.5% for the entire externally applied stress inter-
val. Similar behavior has been observed for the oscillatory data
(Fig. 4A). For concentrations of 0.5 and 0.8%, the samples behave
as a viscoelastic liquid where the G′′ contribution has a constant
value (Newtonian behavior) for a finite stress interval whereas the
G′ contribution decreases as a function of stress with G′′ > >G′ for
the entire stress interval. The system is essentially a Newtonian liq-
uid for moderate applied stresses and cannot sustain elastic linear
deformations.

For concentrations of 1.0 and 1.5%, the samples behave again
as viscoelastic liquids but now the system can sustain a linear vis-
coelastic region (LVR) where both G′ and G′′ are independent of

the externally applied stress with G′′ > G′′. This LVR increases as the
concentration increases.

For the 2.0% concentration, the system also exhibits a LVR and,
furthermore, G′ > G′′ over almost the entire shear-stress interval
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valuated. The low sensitivity to applied shear stress indicates the
igh stability of the sample at this concentration, behaving as a gel.
his caractheristic suggests a promising use of this polymer since,
ccording to other studies, obtaining gels requires mixing differ-
nt types of galactomannan (Da-Lozzo et al., 2012; Pinheiro et al.,
011; Rinaudo & Moroni, 2009; Sandolo et al., 2010). Again, this

s the same concentration where evidences for gel transition are
hown in Figs. 3 and 4A. For larger shear-stress values, there is an
bservable crossing between the viscoelastic moduli (G′ = G′′). This
oint is identified as the yield stress of the gel, the point where it
tarts flowing.

The inset (top left) is a log–log plot constructed by collecting the
alues of G′ and G′′ moduli, obtained by extrapolating the points in
he LVR (� → 0) of the main graphic in Fig. 4B, as a function of the
espective galactomannan solution concentration. The change in G′′

ithin the concentration interval is about 2 orders of magnitude,
ery similar to the interval of viscosity presented in Fig. 3 for the
ame concentration interval.

The variation in G′ is 3 orders of magnitude within the same
nterval showing that the elastic properties are more sensitive to
alactomannan concentration than its viscosity. One can identify in
he inset figure a transition from a viscoelastic liquid (G′′ > G′) into

 viscoelastic solid (G′ > G′′). This transition occurs at 1.6% of galac-
omannan solution concentration and is considered as the point
here the polymer solution turns into a gel. Both moduli exhibit

 power-law dependence with polymer concentration. The solid
ines are fitting functions obtained assuming power-law depend-
nce of G′ and G′′ with galactomannan concentration obtained
xponents were s′ = 5.63 for G′ and s′′ = 3.73 for G′′ dependence.

.4.3. Temperature stability
Fig. 5 shows a standard temperature stability experiment where

he storage and loss moduli are measured as a function of temper-
ture for several concentrations of galactomannan solutions. As in
revious experiments, the storage modulus is smaller than the loss
odulus up to 1.5% concentration. Both moduli remain constant

stable) up to 10 ◦C for all concentrations and start to change above
hese temperature. For concentrations above 1.5% and, more impor-
ant, for 2.0% concentration where G′ > G′′, the moduli variations are
onsiderably small as compared to lower values of concentration

or the same temperature interval (from 10 to 70 ◦C).

Many neutral polysaccharides which are rich in hydroxyl groups
re able to form tridimensional networks stabilized by H-bonds
stablished between molecules; these interactions, in mixtures or
 Polymers 104 (2014) 127– 134 133

suspensions of single polysaccharides, are disrupted when temper-
ature increases. The results presented in Fig. 5 are in agreement
with temperature stability experiments reported for galactoman-
nans, that describe with temperature increase, a decrease in G′,
attributed to heat induced intra- and inter-chain H-bonds break-
age (Bourbon et al., 2010; Rinaudo & Moroni, 2009; Shobha &
Tharanathan, 2009).

4. Conclusions

The extraction methodology described in this work proved
adequate for obtaining galactomannan from C. grandis seeds, pre-
senting a yield of 36 ± 8% and a constant mannose/galactose
ratio (2.44:1). Extensive experimental rheological characterization
showed that the galactomannan presents a flow behavior, exhibit-
ing Newtonian plateaus followed by shear-thinning zones up to
1.5% (w/v) concentrations; above this value, its behavior can be
considered as that of a polymer solution of entangled strands. At
2.0% concentration, rheological data indicate that the system has
reached a gel-like state. The stress-strain study allowed a more
accurate evaluation of this transition indicating 1.6% as the value
for the sol–gel transition. The results show that the galactomannan
studied here has appropriate characteristics for biotechnological
applications in food and pharmaceutical industries.
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