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Abstract

Background In this work, viscoelasticity, flow behaviour, thixotropy and thermo-rheological properties of binary mix-
tures of Lepidium perfoliatum seed gum (LPSG), as an emerging food gum, and xanthan gum (XG) at various blending
ratios of 100:0, 75:25, 50:50, 25:75 and 0:100 were studied for a depth insight into their interaction. FTIR analyses were
also done to investigate the interaction between the XG and LPSG.

Results FTIR results indicated the hydrogen bond formation between the hydrocolloids. At the linear viscoelastic
region (LVE), XG—rich*bIends exhibited higher tan §,;,; and T, but lower 1. The values of apparent viscosity (n,) and
complex viscosity (') diminished with increasing shear rate/frequency, and XG and LPSG individual dispersions
showed the greatest and the lowest values, respectively. Based on the extended Cox-Merz rule, a greater shift factor (a)
is observed as the ratio of LPSG in the mixed gel increases. At higher fraction of LPSG, except for the fraction of 75%,
the thixotropic behaviour appears to be less pronounced. The recovery parameter (R, %) obtained from in-shear struc-
tural recovery test decreased with increase in LPSG fraction. The results of non-isothermal kinetic analysis revealed
higher thermodynamic incompatibility and immiscibility of LPSG-XG system in the presence of 75% XG. Moreover,
according to the results of Cole—Cole plot, the greatest compatibility of LPSG and XG blends was for LPSG75-XG25
sample (3=0.87), whereas the worst miscibility was found to be for LPSG25-XG75 one (8=1.02).

Conclusions Different rheological properties could be obtained by blending various ratios of LPSG and XG, which in
some ratios synergistic behaviour was observed. The wide variety of rheological properties obtained may be appropri-
ate for the use of LPSG-XG mixtures in food industries and pharmaceutical and biomedical applications.
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Introduction

The application of polysaccharides in formulation indus-
tries is growing due to their functional attributes, such as
thickening, gelling, emulsifying abilities, etc. Lepidium
perfoliatum is native to Europe and Asia, and the muci-
lage removed from its seed has been consumed own-
ing to the pharmaceutical influences [1]. Recently, it has
been reported that this mucilage, Lepidium perfoliatum
seed gum (LPSG), has potential to be used as a thicken-
ing and stabilizing agent in food/pharmaceutical systems
due to the pseudoplastic behaviour of its dispersions [2,
3]. The optimized conditions to extract the mucilage was
found to be at temperature of 48.1 °C, pH of 8, water to
seed ratio of 30:1 and process time of 1.5 h [4]. It has
been reported that xylose (14.27%), galacturonic acid
(10.70%), arabinose (9.07%) and galactose (8.80%) are the
main monosaccharaide components of LPSG. LPSG has
14.83% uronic acid and the average molecular weight of
this biopolymer is 2.34 x 10° g/mol [5]. A shear-thinning

behaviour of LPSG dispersions has been identified at var-
ious temperatures (5-65 °C) and concentrations (0.5—2%,
w/w) [6]. LPSG dispersions (1.5-3%, w/v) have also been
exhibited viscoelastic properties in the linear viscoelastic
region (LVE) at the temperature range of 5-85 °C [7].
Xanthan (XG) gum is one of the commercial polysac-
charide which has widely been used in food systems for
a number of important reasons comprising emulsion sta-
bilization, temperature stability, compatibility with food
ingredients and its pseudoplastic rheological properties
[8,9]. This gum is known as a galactomannan type micro-
bial polysaccharide with anionic nature which it is pro-
duced by fermentation from Xanthomonas campestris.
The main chain of galactomannan is composed of a 1-4
linked B-(D)-mannose backbone which may be substi-
tuted by a a-(D)-galactose side units at the O(6) position
[10]. XG solutions are shear thinning and their viscos-
ity in addition to shear depends on temperature (both
dissolution and measurement temperatures), the gum
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concentration, concentration of salts and pH of solution
[9, 11]. This pronounced shear-thinning behaviour is due
to unique rigid, rod-like conformation of XG, which is
more responsive to shear than a random coil conforma-
tion [12]. Moreover, XG solutions produce yield stress,
which has been obtained by direct or indirect methods,
even at low concentrations [13, 14]. At higher concentra-
tion and lower temperature the XG solutions exhibit gel-
like behaviour, in which storage modulus (G’) is higher
than loss modulus (G”) and both are weakly dependent
on the oscillation frequency in the accessible range [15,
16].

Study on physicochemical and rheological characteri-
zations of gels obtained from mixed polysaccharides has
been an intertwining field of research recently. Such stud-
ies continue to be improved for controlling and describ-
ing the mechanism of interaction and the attributes of
blended gels. Several studies have focused on the inter-
action of XG with other polysaccharides including guar
gum [17], konjac glucomannan [18-20], locust bean
gum [10, 21], starch [13, 22, 23], sodium alginate [24,
25], sage seed gum [26], cress seed gum [27], etc. One
of the hypotheses concerning the mechanism of gelation
between XG and other polysaccharides is that the unsub-
stituted regions of the monosaccharide backbone attach
to the surface of the XG helix, i.e. interaction takes place
when XG has its ordered conformation [28, 29]. In a dif-
ferent approach, the reason has been mentioned to be the
possibility of interaction between the side chains of XG
and unsubstituted segments of the backbone of the poly-
saccharide [19, 30].

Potential functionalities as well as structure of poly-
saccharide gums in a wide range of application can be
identified by the rheological assessments. Different rheo-
logical techniques could be used in order to quantitatively
characterize the interchain associations in gum mixture.
Despite the progressive studies on physical and chemi-
cal properties of LPSG, it seems necessary to get more
comprehensive understanding of the physical proper-
ties and structure of such emerging hydrocolloids, indi-
vidually and in combination with other hydrocolloids, to
meet the global needs for biopolymers for various appli-
cations. Finding the rheological synergistic interaction of
LPSG and XG can help the use of LPSG as a novel food
thicker in combination with XG, which in turn leads to
consumption of lower concentrations of XG, which is rel-
atively more expensive than LPSG, in food formulations.
So, to have better idea in case of potential applications of
LPSG, this research was taken to study the binary mixture
of this emerging hydrocolloid with XG. For this reason,
the impact of different ratios of the biopolymer mixtures
(LPSG-XG%: 0-100, 25-75, 50-50, 75-25 and 100-0) on
steady and oscillatory shear flow behaviour was studied.
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A detailed information about the rheological characteri-
zation of the mixed gels were given using amplitude and
frequency sweep experiments. A new approach was taken
to extract thermodynamic parameters (AG , ¥, AS, AH)
based on temperature sweep test. Applicable rheological
models were used to describe the rheological behaviour
the mixtures in both steady and dynamic measurements.
FTIR analysis was also carried out to investigate the
chemical characteristics of the mixtures.

Materials and methods

Materials

Lepidium perfoliatum seeds were provided by a medical
plant supplier in Tabriz, Iran. The seeds were then manu-
ally cleaned to remove all the impurities which visually
could be identified. The Lepidium perfoliatum seed gum
(LPSG) with average molecular weight of 2.34X10° Da
was obtained according to the method described by
Yousefi and Ako [2]. Xanthan gum with average molec-
ular weight of 2 x 10° Da was purchased from Kelco (a
division of Merck Co., New Jersey, USA).

Preparation of LPSG-XG mixtures

LPSG was mixed with XG with the proportions (%, w/w)
of 100-0 (LPSG100-XG0), 75-25 (LPSG75-XG25), 50-50
(LPSG50-XG50), 25-75 (LPSG25-XG75) and 0-100
(LPSG0-XG100), and the final concentration of all the
mixtures was kept at 1% (w/w). For solution preparing,
the mixture gum powders were dissolved in ultrapure
water and stirred by a magnetic stirrer (25 °C, 400 rpm)
for overnight in order to be sure that complete hydration
will be taken place. Sodium azide (0.01%, w/w) was added
to the solutions to inhibit microbial contamination.

FTIR analysis

To obtain the FTIR spectra, the gel samples of LPSG, XG
and LPSG-XG were lyophilized and pulverized under liq-
uid nitrogen to provide fine powders. FTIR studies for
each sample were done in triplicate using a spectropho-
tometer equipped with an UATR accessory (PerkinElmer,
USA). Spectra were achieved over the range of 400 to
4000 cm ™! at 2 cm ™! of resolution.

Rheological characterizations

In this work, a DHR3 Controlled stress/strain rheom-
eter (TA Instruments, New Castle, England) equipped
with a parallel-plate probe (60 mm diameter and 500 um
gap) was exploited to carry out all the rheological
measurements.
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Oscillatory shear test

Strain sweep test

As the dynamic measurements were carried out in the
linear viscoelastic region (LVE), the amplitude sweep
experiments (0.1-250%) in controlled shear stress and
controlled shear rate modes were implemented (25 °C,
1 Hz) to gain a strain corresponding to this region. It was
found that for all gel samples a 0.50% strain was com-
pletely within the LVE range, and it was selected to per-
form all dynamic measurements.

Frequency sweep test
Frequency sweep experiment was done by subjecting the
gels to oscillatory measurements at a frequency range of
0.01-100 Hz and a constant strain at LVE region (strain
of 0.50%). TA Instruments Trios (version 4.0.1.29891)
data analysis software was applied for determination of
dynamic rheological parameters, including the storage
modulus (G”), loss modulus (G”), loss tangent (tan §) and
complex viscosity (7*) and analyse the rheological results
at 25°C.

It has been stated that the frequency dependency of G’
and G” values shows a power-law relation [Egs. (1) and
(2)] for a physical gel [31]:

, /

G:k/xw", (1)

G =k'x ", )

where G’ is the storage modulus, G” is the loss modu-
lus, w is the oscillation frequency and k' and k” are model
constants. The constant #” and n” are the slope in a log—
log plot of G”and G” versus w.

The power-law equation [Eq. (3)] was also fitted on
the obtained complex viscosity (4*-angular velocity (o)
curve in which the k* (Pa.s”) and #* (dimensionless) are,
respectively, intercept and slope of the curve:

77* — k*w(n*—l) (3)

Temperature sweep test

A frequency of 0.1 Hz and a strain of 0.01% were applied
to accomplish the temperature sweep test in the LVE
region. The temperature of Peltier was set on 10 °C,
and then sufficient amount of the samples was placed
onto Peltier at this temperature and kept for 15 min.
After applying the gap (500 pm), the samples surpluses
were carefully removed and the edges of the samples
were covered with a thin film of silicon oil to prevent
evaporation during the experiments. A temperature
gradient sweep was performed within the range of
10-90 °C. For this purpose, the temperature was linearly
increased and then decreased at the rate of 1 °C/min.
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During the measurements, the values of complex mod-

ulus (G* = V/(G)? + (G”)?) as a function of time and

temperature were recorded.

Thermodynamic incompatibility

For this reason, the new method described by Razavi,
Alghooneh [32]. Accordingly, the interaction of biopoly-
mers as supposed to be a kind of equilibrium reaction as
follows:

w1.LPSG + w2.XG = w5.(LPSG — XG), (4)

where w; is the weight fraction of LPSG, w, is the weight
fraction of X@G in the mixture and w; refers to the weight
fraction of the LPSG-XG mixtures. Consequently, the
equilibrium constant (K,,) can be calculated [Eq. (5)]
based on G parameter:

(G*Lpsg—xaG)"?
(G*1psg)"" x (G*xg)™

In a reaction, supposed that the K,, parameter can
be connected to the standard Gibbs free energy change
(AG") as follows:

Keq =

(5)

AG" = —RTIn(Key) (6)

Based on this equation, the value of [— ln(Keq)],othe v
parameter, can be used as a representative of AG . Fur-
thermore, the changes in enthalpy (AS, J/mol.°’K) and
entropy (AH, J/mol) of the supposed reactions over the
temperature sweep experiments were obtained using
Egs. (7) and (8), [33], respectively:

Ko x Ng x h
AS =R x In R0 X Na XA , (7)
2.72RT
AH = AG + TAS, (8)

In which K|, is the frequency factor (dimensionless), N,
is the Avogadro constant (mol™') and / is the Planck con-
stant (J.s).

The frequency factor and activation energy (E,) can
be obtained based on a combination of the classic rate
equation, Arrhenius equation and time-temperature
relationship developed by Rhim, Nunes [34]. The follow-
ing relation [Eq. (9)] is a general form of non-isothermal
kinetic analysis based on complex modulus (G") attained
from temperature sweep test, which is in connection with
the structure development or degradation of materials:

l 1 X dG" Inky + Es 9
Y ) Za ),
"\ G dt 0 RT ©)

In which m is the order of reaction, ¢ is time (s), k, is the
Arrhenius pre-exponential or frequency factor, E, is the
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activation energy (J/mol) and R and T are, respectively,
the universal gas constant (J/mol K) and the absolute
temperature (K).

Material stiffness parameter

Based on some assumptions expressed by Friedrich and
Heymann [35] in case of calculating the viscoelastic
modules in the LVE domain, at high frequency range or
near the gel point, the following relation, Eq. (10), can
be exploited to calculate the material stiffness parameter
[36]:

* ~~ 2 05 * O o
G=|— S 0" =Aq0”,
g

where a is the order of relation function, S} is a param-
eter dependent on the stiffness of materials and Ay is the
material stiffness parameter (Pa.rad™*.s%).

(10)

Steady shear test

Steady shear measurements

In this case, shear stress (r)—shear rate (y) data were
obtained at strain-controlled mode by applying the
shear rate in the range of 0.01-500 s~! to the LPSG-XG
mixtures at 25 °C. The power law (Ostwald-De Waele)
[Eq. (11)] was used to describe the time-independent
flow behaviour of the mixtures [37]:

na = ky"b, (11)

In which k (Pa.s") and # are the power-law consistency
coefficient and flow behaviour index, respectively.

Thixotropy measurements

In order to determine the time dependency of the LPSG—
XG mixtures, the shear rate was increased from 0.01 to
500 s~ during 180 s and then decreased at the same time
from 500 to 0.01 s~!. The hysteresis loop was calculated
from the area between the upstream and downstream
stress—strain data. Then, the area was measured by the
difference between integrating the area for forward and
backward measurements from initial shear rate (y;) to
final shear rate (y») as follows [Eq. (12)]:

V2 2 ,
Hysteresis loop area = [ k,y"? — fk;,)'/np, (12)
71 71

where kp, k’p, n, and n’p are the consistency coefficient
and flow behaviour index for forward and backward
measurements, respectively.

Based on the method described by Mezger [38], in-
shear structural recovery of the LPSG-XG samples was
measured. Hence, three consecutive shear flows were
implemented as follows: (a) after pre-shearing at 1 s™*

for 30 s, the samples subjected to shear rate of 1 s™* for
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2 min, (b) shear rate of 300 s~ was applied for 1 min
and eventually (c) the samples was again subjected to the
shear rate of 1 s™! for 2 min. Accordingly, the magnitude
of recovery of the samples (R, %) was calculated as the
percentage ratio of average #, gained during the first 30 s
of the third step to average 7, value recorded in the first
step.

Moreover, for better understanding of the structural
features of time-dependent behaviour of the mixtures,
first-order stress decay model [Eq. (13)] was fitted on the
shear stress (r)—time (£) data obtained from the third step
of the flow measurement [step (c)]:

T—Teg = (10— teq)e_kt, (13)

where 7, implies the immediate recovered structure, and
7., (Pa) indicates the structural stability of recovered
material, and k (s~!) exhibits the rate of recovery.

Yield stress measurements

The vyield stress values of LPSG-XG mixtures were
directly calculated by linearly ramping of stress from
0.1 to 20 Pa over 120 s. Afterwards, the obtained appar-
ent viscosities were plotted against the applied stresses.
Results show an increment in the viscosity as long as the
structure is maintained (elastic behaviour), followed by
a sharp decrement in the viscosity as the structure col-
lapses and the material starts to flow (fluid behaviour).
The stress corresponding to the maximum apparent vis-
cosity is considered as the yield stress (Steffe, [37]).

Interaction coefficient measurements

The following equation described by Razi, Motamed-
zadegan [39] was used to find out the synergistic or
antagonistic influence of the incorporations of the gums
in the mixtures compared to the weight averages of the
single component systems for all the rheological param-
eters studied:

Exp.1psG—xc) — (W1 X Exp.;psG + w2 X Exp.xg)

o (%) =
Exp.(1psG-xc)

)

(14)
where Exp. ; psg_xgp ExP.1psg and Exp.yg are the param-

eters obtained from the rheological experiments for
LPSG-XG mixtures, LPSG and XG, respectively.

Results and discussions

FTIR characterization

To further study the interaction between the XG and
LPSG, any changes in the position and intensity of the
vibration bands were analysed by FTIR analysis. FTIR
spectra of the lyophilized LPSG-XG samples are shown
in Fig. 1. In the FTIR spectrum of XG, the stretching
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Fig. 1 Impact of various ratios of LPSG on FTIR spectra of LPSG-XG
blends; LPSG Lepidium perfoliatum seed gum; XG xanthan gum

vibration of —O-H bond (and hydrogen bond) is seen
as a typical broad band at about 3250 cm™!. The peaks
at about 2900 cm™! are attributed to the symmetric
and asymmetric stretching vibration of the SP*-C-H
bonds. The two characteristic peaks at about 1700 and
1600 cm™' can be assigned to the stretching modes
of —-C=0 (carbonyl) bonds of the ester and ether
groups. The peaks related to the symmetric and asym-
metric bending vibration modes of —C-H bonds are
observed at about 1400 cm™'. The peaks appearing at
1000-1250 cm™! are related to the stretching vibra-
tion of —C-O bonds [40, 41]. The out-of-plane bending
vibration modes of —O—H bonds are appeared at about
950 cm™!. The LPSG FTIR spectrum has different peaks
compared to the XG spectrum, and the very weak peak
of —O—H bond at 3250 cm ™! indicated lower —~O—H con-
tent of LPSG [42]. All the composite samples of LPSG
and XG have weaker the —O-H bond peak, indicating
the hydrogen bond formation between the LPSG and XG,
particularly for the LPSG75-XG25 sample, which was
accompanied with the shift in the —-O—H peak from 3250
to 3370 cm™'. Additionally, enhancement of the intensity
of the bands at about 1600 cm ™" indicates the interaction
between XG and LPSG [43].

Oscillatory strain

In the linear viscoelastic region (LVE), the extent of elas-
tic (G’) and viscos (G”) modulus is roughly constant,
while in the non-linear region both start to diminish
(Fig. 2). The strain at which the value of G’ is sharply
decreased due to the deformability of the LPSG-XG
mixtures. The rheological parameters at LVE including
loss tangent (tan d;,;), yield stress (z,) and flow-point
stress (7)) with corresponding modulus (G¢: G'=G") were
determined and are represented in Table 1. The values
of tan d;,, which indicates the physical behaviour of gel
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Fig. 2 Strain sweep dependence of storage modulus (G”) and loss
modulus (G”) for LPSG and XG blends (1 Hz, 25 °C); LPSG Lepidium
perfoliatum seed gum; XG xanthan gum

systems, were within the range of 0.281-0.312, indicating
a predominantly elastic behaviour of the samples at the
LVE region. No significant difference was found between
the tan ;,; values of LPSG50-XG50 and LPSG75-XG25
(p>0.05) samples, while for the others, lower values were
obtained at higher ratios of XG. As it can be seen, the
samples with higher extent of XG (LPSG0-XG100 and
LPSG25-XG75) exhibited significantly (p<0.05) greater
yield stress (ry) values (0.37-62 Pa). In other words, it
can be stated that resistance to the stress applied to these
gels, which indicates the starting point of weakening of
the gel strength, was more than the other gels [44]. Out
of the LVE region where the G’ cross G” (flow point), the
structure is ruptured and the system starts to flow. In the
contrast to the aforementioned results, the correspond-
ing stress for this point (z;), which implies the yield stress
at the flow point, was found to be greater for the systems
containing higher levels of LPSG. Large values of z; for
LPSG dispersions at the LVE region has previously been
reported at different concentrations (1.5-3%) and tem-
peratures (5-85 °C) [7].

Steady shear- and frequency-dependent behaviour

The shear-dependent viscosity curve obtained for indi-
vidual gum samples and their blends are represented in
Fig. 3. As shear rate was raised up to 500 s™*, the appar-
ent viscosity of all samples decreased, indicating their
shear-thinning behaviour. As it is evident, the samples
containing higher ratios of XG noticeably represented
greater values of apparent viscosity, except in the case of
LPSG50-XG50 and LPSG75-XG25, in which no signifi-
cant difference was observed (p>0.05). The power-law
equation [Eq. (11)] fitted well (R?>0.98) on the experi-
mental data and its parameters are shown in Table 2. As
the ratio of LPSG in the gum mixtures was enhanced
from 0 to 100%, the consistency coefficient (k) was
reduced up to 72%. In the case of flow behaviour index
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Table 1 The rheological parameters obtained from the linear viscoelastic region (LVR) for different ratios of LPSG-XG blends (1 Hz,

25 oC)a,b
Parameters LPSG-XG (%)

LPSGO-XG100 LPSG25-XG75 LPSG50-XG50 LPSG75-XG25 LPSG100-XGO
tan (6,0 0.28+000¢ 0.280.00° 0.3040.00° 0.2940.008 0.3140.00%
7, (Pa) 062+0.09" 03740.06° 025+0.03¢ 02140.03¢ 0224004
1, (Pa) 52640.25 3.814£017¢ 6.1240.404 59140224 598+0.36"

Values in rows with different letters are significantly different (P <0.05)
b | PSG Lepidium perfoliatum seed gum, XG xanthan gum

—o—LPSG0-XG100

—5 LPSG25-XGT5

—o—LPSGT75-XG25

‘ LPSG50-XG50
T ——LPSG100-XG0

o Apparent viscosity (Pa.s)

01 . . . . .
1 101 201 301 401 501
Shear rate (s™)

Fig. 3 Time-independent flow curves for different ratios of LPSG-XG
blends; LPSG Lepidium perfoliatum seed gum; XG xanthan gum

(n), no significant difference (p>0.05) was detected
between the mixtures containing 0%, 25% and 100%
LPSG, while LPSG50-XG50 and LPSG75-XG25 samples
revealed significantly lower values (more pseudoplas-
ticity) (p<0.05). The pseudoplasticity of hydrocolloids
allows liquid foods to be pumped easily and it is also
aligned with a lower degree of sliminess in the mouth
during swallowing [45, 46].

The variation of G’ and G” with frequency for the gel
samples is given in Fig. 4a, b. As it is evident from the
magnitude of the moduli, the G’ values of all the samples

were constantly over the G” ones with low frequency
dependence, which implies solid-like behaviour. The
fitting results indicated the appropriateness of power-
law equations [Egs. (1) and (2)] for describing the fre-
quency dependence of the moduli (R?>0.86) (Table 3).
From the results, a low frequency dependency of G’
(0.15<17<0.19) and G” (0.15<n”<0.25) was detected
for all the samples, which reflected the characteristics
of weak gel. This characteristic was also confirmed from
the ratio of G’/G” (2.46 < k’/k”< 3.63), which were lower
than 10 folds [37]. Weak physical gels have reversible
links, i.e. hydrogen bands or ionic associations, formed
from temporary associations between polymer chains.
These associations have finite lifetime, breaking and
reforming continuously [47]. The k” and k” parameters
drastically diminished, respectively, 87% and 436%, as the
LPSG fraction in the mixtures was increased, while in the
case of n” and n” there were not significant differences
between most of the samples (p >0.05).

The frequency dependence of complex viscosity (1)
over the frequency range of 0.01-100 Hz was assessed
and the results are depicted in Fig. 4c. The values of 7
diminished with increasing frequency, and XG and LPSG
individual dispersions showed the greatest and the low-
est 5 values, respectively. This decrement in value of #
is due to the further destruction of structure at higher

Table 2 The power-law parameters obtained from the steady shear and oscillatory shear tests of the different ratios of LPSG-XG

blends®?
LPSG-XG (%) na = ky ™1 nt = k*o®* =1
k (Pa.s") n R? k" (Pa.s") n' R?

LPSGO-XG100 4674011 041+002° 0.99 863+0.18 0.11£0.00° 0.99
LPSG25-XG75 3.18+£0.14° 0.3940.01? 0.98 48940.14° 0.1440.00° 0.99
LPSG50-XG50 2.98+0.09° 0.33+£001° 0.99 139+007¢ 0.154£0.01° 0.99
LPSG75-XG25 2.38+0.13¢ 0.34+£0.02° 0.99 2.10£0.10° 0.17£0.01° 0.99
LPSG100-XGO 13040.10° 0.38+0.03? 098 0.79+0.04° 0.10£0.00° 0.99

?Values in columns with different letters are significantly different (P <0.05)
b | PSG Lepidium perfoliatum seed gum, XG xanthan gum
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Table 3 Power-law parameters of storage modulus (G, loss modulus (G”) and complex modulus (G") for the different ratios of
LPSG-XG blends (0.50% strain, 25 °C)*P

LPSG-XG (O/O) G’ = k’ X wn’ G’ =k" x a)n” G* = Aa(da
k’ (Pa.s™) n’ R? k" (Pa.s") n” R? A, a R?
LPSGO-XG100 59.5043.74° 0.15+£001° 0.99 16.36 0.154:0.00° 097 46.46 0.14 0.99
LPSG25-XG75 31.72£133° 0.17£0.00° 0.99 935 023+£001° 0.96 24.09 0.16 0.99
LPSG50-XG50 10.18 +0.60¢ 0.19+£0.02% 0.98 3.58 0.22+£001° 0.92 7.56 017 0.99
LPSG75-XG25 13.07 £0.56° 0.1740.00%° 0.99 493 025+0.01° 087 9.99 0.17 0.99
LPSG100-XGO 7494081°¢ 0.16 £0.00° 0.99 3.05 0.2540.01° 0.86 5.88 0.16 0.99
?Values in columns with different letters are significantly different (P <0.05)
b | PSG Lepidium perfoliatum seed gum, XG xanthan gum
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Fig. 4 Frequency dependence of a storage modulus (G’); b loss modulus (G”); € complex viscosity (n*); and d loss tangent (tan 6) for different ratios
of LPSG-XG blends (0.50% strain, 25 °C); LPSG Lepidium perfoliatum seed gum, XG xanthan gum

frequency and indicates the pseudoplasticity under small
deformation. The absolute values of the slopes obtained
from complex viscosity—frequency curves were within
the range 0.80-0.85 (data not shown), which were higher
than the critical value of 0.76, representing a weak gel
polysaccharide formed by overlapping and entangle-
ments of flexible random coil chains [48]. Similar results
have been reported for xanthan gum-cress seed gum [27]
and sage seed gum-xanthan gum blends [26].

Based on the results of loss tangent (tan &) shown
in Fig. 4d, this characteristic was almost frequency

independent entire the frequency range applied for
XG. In comparison, the other samples showed vari-
ous degrees of dependency for the frequencies>2.5 Hz
(LPSG25-X@G75),>1.58 Hz (LPSG75-XG25),>0.40 Hz
(LPSG50-XG50) and >0.25 Hz (LPSG100-XGO0). Loss tan-
gent is considered as one of the most common dynamic
rheological parameters employed for description of vis-
coelastic behaviour, and the values of tan d<1 and tan
6>1 are dedicated to the concepts of predominantly
elastic and viscous behaviours, respectively [44, 49]. The
magnitudes of tan § for all the samples found to be in
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the range of 0.16-0.68, which indicates an intermediate
behaviour between a weak and a strong elastic gel.

The results of dynamic tests obviously revealed that
increase in LPSG fraction in the LPSG-XG mixtures
almost resulted in a lower value of complex viscosity and
elastic moduli, but a higher value of tan § (Fig. 5a, b). All
these results confirm the existence of a stronger gel struc-
ture at a higher fraction of XG. As can be observed, the
only exception among the samples was LPSG75-XG25,
which indicted the characteristics of a stronger structure
compared to LPSG50-XG50. This variation in rheological
properties resulting from the difference in mixing ratios
of hydrocolloids has already been reported for xanthan
gum-glucomannans [28], xanthan gum-locust bean gum
[10, 50], sage seed gum-xanthan gum [26], vinal gum-
xanthan gum [51] and xanthan gum-cress seed gum [27].

Applicability of the Cox-Merz rule
The Cox-Merz rule has been proposed by Cox and Merz
[52], and this rule involves steady shear viscosity (y,) and
complex viscosity () measured at a small oscillatory
strain, as follows (Eq. (15):
Na(y) = |77*(w)‘w:7; (15)
It is applicable for vary of polymer solutions, especially
when the measurement of viscosity at higher shear rate

-
N
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[
28
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o
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S
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0 r . .
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70 05
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z40 | 03g
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LPSG0-XG100 LPSG2;-XG75 LPSGS(;-XGSO LPSG75'-XGZS LPSG100-XG0
Fig. 5 Influence of various ratios of LPSG on a complex viscosity
(n);and b storage modulus (G’) and loss tangent (tan 6) of LPSG-XG
blends (1 Hz, 25 °C); LPSG Lepidium perfoliatum seed gum, XG xanthan
gum
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region from the oscillatory strain measurements is diffi-
cult because of the sample fracture, secondary flow, etc.
[53]. By entering & parameter which is the shift factor,
this equation is changed as Eq. (16) and it is called the
extended or modified Cox-Merz rule:
na(?) = | (@), _, (16)
The extent of departure from Cox-Merz rule (f3) can be
obtained from the areas calculated by the flowing integral
equation (Eq. (17)):

abs(fgon*dw - ;Onad)))
p= fzon*da)

(17)

The results, obtained at the frequency range of 0.1-
100 Hz and the shear rate range of 0.1-100 s, revealed
that as the ratio of LPSG in the mixed gel increases, more
shift is observed and the value of & parameter raises from
0.69 to 3.67 (Table 4). The values of a parameter greater
than unity attained for almost all the samples, except
XG, imply that the complex viscosity (|n*(w)|) is almost
always smaller than the steady shear viscosity (1,(y)) at
the given range of frequency/shear rate. This behaviour
is not very relevant for biopolymeric solutions, but it
has been found in some studies for semidilute solutions
of xanthan gum in 0.5% NaCl [54], aqueous solutions of
hydroxyethyl guar gum [55], several concentrations of
high-methoxyl pectin [56] and high concentrations of
vinal gum solutions [51]. Although the Cox-Merz super-
position rule has apparently been confirmed for some
hydrocolloid solutions [56—58], but this rule has been not
obeyed by biopolymeric dispersions without applying the
shift factor. The same behaviour in case of 5 values was
also observed for all the samples, except LPSG75-XG25,
influenced by the increment in the level of LPSG in the
blends (Table 4). The greatest and the lowest values of
S were found for LPSG (2.85) and XG (0.35) individual

Table 4 The extended Cox-Merz model constant (a) and the
extent of departure parameter (8) for the different ratios of
LPSG-XG blends®

LPSG-XG (%) 1(7) = n* (@)= B

a R?
LPSGO-XG100 069 098 035
LPSG25-XG75 101 096 040
LPSG50-XG50 174 099 269
LPSG75-XG25 2.85 0.99 091
LPSG100-XGO 367 097 285

2 LPSG Lepidium perfoliatum seed gum, XG xanthan gum
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gels, respectively. This departure for polymeric disper-
sions may be associated with either the presence of
hyper-entanglements, i.e. high density entanglements, or
aggregates [59, 60]. It has been suggested that departure
from the Cox-Merz rule is related to the characteristics
of a weak gel structure for sage seed gum-xanthan blends
[26]. It is likely that a similar mechanism is happen-
ing in our systems, LPSG gel has a weaker gel structure,
which is in agreement with the results of Table 1, where
a greater value of tan (d;,z) (0.312) has been reported for
this sample.

Thixotropic behaviour

The results attained from shear loop test of the LPSG—
XG blends are depicted in Fig. 6. As shown in Table 5, the
maximum (20.86%) and the minimum (0.88%) amount
of hysteresis loop area were observed for XG and LPSG
individual gum samples, respectively. It means that
the rate of macromolecules disentanglement induced
by shear for XG was higher than their re-entanglement
compared to the others. Comparatively, these results
indicate the sensitivity of LPSG to shear history and its
weaker thixotropic behaviour. From the results, thixot-
ropy appears to be less pronounced at higher fraction
of LPSG, but at fraction of 75% LPSG, an increase in
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Table 5 The parameters of power-law model and the hysteresis loop area values obtained from shear loop test of the different ratios

of LPSG-XG blends®?

LPSG-XG (%) Forward Backward Hysteresis
loop area (%)
k, (Pa.s") n, R? k', (Pa.s") n, R?
LPSGO-XG100 22.5441.86° 0.08£0.01° 091 351+0.22° 0.38+0.02° 0.98 20.86
LPSG25-XG75 240+0,08° 0.33£007° 0.99 0.8140.04° 0.50=£0.05" 0.99 1374
LPSG50-XG50 0.91£0.05° 044 0,03 0.99 0.70 £ 0.06° 0.48+0.03" 0.99 429
LPSG75-XG25 047 £0.02¢ 0.40 = 0.06% 0.98 0.100.02° 0.64+0.03° 0.99 19.35
LPSG100-XGO 049 0.04¢ 041 0,04 0.95 0.17 40,034 0.60+0.05° 0.99 0.88

?Values in columns with different letters are significantly different (P < 0.05)

b | PSG Lepidium perfoliatum seed gum, XG xanthan gum

Table 6 The first-order stress decay model parameters and the
recovery parameter (R, %) obtained for the different ratios of
LPSG-XG blends®®

LPSG-XG (%)

7, (Pa) T,q (Pa) k(s™") R? R (%)

LPSGO-XG100
LPSG25-XG75
LPSG50-XG50
LPSG75-XG25
LPSG100-XGO

0.09940013° 096
0.03240008° 093
002940003 099
0.044+£0009° 096
0.035+£0.006> 0.95

4344016 4534009
20940.10° 2.1940.06°
1884005 2.73+£0.11°
1.78+0.07¢ 2.1240.04°
1074004° 1.5940.04¢

80.52
68.54
5342
4291
3443

2Values in columns with different letters are significantly different (P < 0.05)

b [ PSG Lepidium perfoliatum seed gum, XG xanthan gum

thixotropy behaviour was observed which showed no sig-
nificant difference with that of XG (p>0.05). According
to the results presented in Table 5, the power-law con-
sistency coefficient (kp:O.47—22.54) and flow behaviour
index (1,=0.08-0.44) for forward curves were higher
and lower than those of backward curves (k’p:O.IO—
3.51, n’p:0.38—0.64), respectively. Consequently, it can
be supposed that the structure of the samples has, to
some extent, been destroyed during applying shear rate
in forward state. Almost for all the samples, increase in
LPSG fraction resulted in a decrease in k, and k’, param-
eters and an increase in n, and n’p ones, respectively.
According to the results of in-shear structural recov-
ery test (Table 6), the recovery parameter (R, %), which
considers as an indicator of the recovered structure,
decreased from 80.52 to 34.43% with increase in LPSG
fraction from 0 to 100%. This parameter is concerned
with the recovered structure after high shear degradation
and is associated to particle rearrangements or micro-
structure rebuilding at rest [26, 61]. In order to provide
a detailed information about the mechanism of struc-
ture recovery, the first-order stress decay model (Eq. (13)
was used for description of the single influence of time,
which could appropriately fitted on the experimental
data (R?>0.93). The results obtained for the immediate

recovered structure parameter (r,), which reflects the
extent of elastic component materials in high deforma-
tion, revealed that XG and LPSG had, respectively, the
highest (4.34 Pa) and the lowest (1.07 Pa) values. The
same trend was also observed in the case of the stress
value at equilibrium plateau (z,,) with value of 4.53 Pa for
XG@G, and value of 1.59 Pa for LPSG. This result indicates
XG has a greater reforming of the agglomerates, which
results in a stronger structure. The highest rate of recov-
ery (k) was found for XG (0.099 s™!), while there was not
any significant difference between most of the samples.
This parameter implies at which rate the material will
be reached to its recovered plateau state when the stress
totally or partially is removed.

Yield stress

Stress ramp technique, which is considered as the most
frequently one among several methods used for deter-
mination of the yield stress of food systems [62, 63],
was applied in this study. The yield stress results of the
mentioned technique, which is called the static yield
stress [64], are represented in Fig. 7. In this method, it is
assumed that there is a critical stress, which is called yield
stress, below which the material has elastic-like behav-
iour, and above which the structure collapses and start
to flow. It means that before the yield stress the system
is fully elastic and is still able to absorb the stress energy
without altering its internal microstructure. Exactly after
this point, the viscosity abruptly decreases, because the
microstructure is changing and the system is unable to
absorb more energy without being deformed [65]. With
the increasing fraction of LPSG in the mixed system up
to 50%, the magnitude of static yield stress constantly
decreased (up to 33%). This yield stress value for LPSG75-
X@G25 was greater than that of LPSG50-XG50, and both
LPSG50-XG50 and LPSG100-XGO samples showed the
lowest values. In addition to stress ramp method, the
dynamic yield stress values were also precisely estimated
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by extrapolating stress value to the zero shear rate
using the Herschel-Bulkley model (R?=0.995-0.999,
RMSE=0.145-0.366) [66]. As represent in Fig. 7, there
were not any significant difference between the dynamic
yield stress values (3.92 Pa—4.05 Pa) of the samples con-
taining 0%, 25% and 75% LPSG (p > 0.05) and they had the
greatest values, whereas the lowest value was obtained
for LPSG50-XG50 sample (2.62 Pa). The high yield stress
of XG may come from interaction between its macromol-
ecules and intermolecular association of acetate residues,
where stable configuration can exhibit a resistant to flow
[67, 68]. As it is evident, the dynamic yield stress values
for all the samples were greater than those of the static
yield stress (7—45%), which was in agreement with some
results have been reported for the hydrocolloids mixtures
[26, 69]. These results obviously demonstrated that all the
gel samples had to some extent coherent network struc-
tures; therefore, they require to be subjected to a certain
amount of stress to start the flow.
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Activation energy and thermodynamic attributes

The estimated values of E, based on the Eq. (9) showed
that at the heating stage, as the ratio of SSG increases
from 25 to 75%, the E, values increases from 9.77 to
16.32 (kJ/mol) (Table 7). At this stage, SSG showed a
pronounced higher value E, than XG, indicating higher
sensitivity of SSG network to temperature than that of
XG. During the cooling stage, in contrast with the results
obtained at the heating stage, the extent of E, diminished
from 44.38 to 17.63 (kJ/mol), as the LPSG ratio increased
from 25 to 75%, which confirms the low influence of
temperature on LPSG conformational changes. This
result was consistent with the higher value of E, for XG
(80.24 kJ/mol) than LPSG (61.61 kJ/mol) obtained at the
cooling stage.

The thermodynamic characteristics of Gibbs free
energy, enthalpy and entropy of LPSG-XG mixtures at
25 °C are represented in Table 7. As it can be observed,
the AG° of all LPSG-XG samples is positive and this char-
acteristic enhanced, at both heating/cooling stages, as
the ratio of X@G in the mixture increased. In other words,
the thermodynamic incompatibility of the mixed system
decreases with an increase of LPSG fraction. One of the
main reasons for this result may be the higher molecu-
lar weight of XG (2 x 10° Da) than LPSG (2.34 x 10° Da),
which results in a higher tendency to aggregate and phase
separate in systems containing higher XG ratio.

Low entropy of macromolecules mixing indicates more
thermodynamic incompatibility between them [70]. The
results of entropy obtained based on Eq. (7) for LPSG-
XG blends revealed negative values, which diminished
with a raise in ratio of XG. It means that the LPSG chains
have access to lower extent of the volume occupied by
the XG molecules in the high-ratio XG blends (LPSG25-
X@G75) than that of XG in the low-ratio XG blends

Table 7 The activation energy of complex modulus (£,), standard Gibbs free energy change (AG®), entropy change (AS), enthalpy
change (AH) calculated for the different ratios of LPSG-XG blends during heating/cooling stages at 25°C*

LPSG-XG (%) Temperature sweep E, (kJ/mol) AG° (J/mol) AS (J/mol.°K) AH (J/mol)
stage

LPSGO-XG100 Heating 19.56 - - -
Cooling 80.24 - - -

LPSG25-XG75 Heating 9.77 3256.56 —038 3144.20
Cooling 44.38 2925.73 —0.56 2759.66

LPSG50-XG50 Heating 1213 1775.23 —0.28 1693.09
Cooling 15.97 961.89 — 047 82247

LPSG75-XG25 Heating 16.32 1227.33 —023 115944
Cooling 17.63 805.44 —036 700.15

LPSG100-XGO Heating 85.57 - - -
Cooling 61.61 - - -

2 LPSG Lepidium perfoliatum seed gum, XG xanthan gum
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(LPSG75-XG25) at 25 °C; therefore, at increasing XG
ratio, AS of the systems decreased, which confirms more
aggregation of XG due to its higher rigidity at low tem-
perature [32]. The enthalpy of mixing (AH) determined
by the Eq. (8) showed strongly endothermic values for all
the blends that decreased with the increase of LPSG ratio
during heating/cooling steps. The value of AH points the
miscibility or immiscibility of a system, so as the system
with negative values have shown miscibility [71]. Accord-
ingly, the results confirmed higher immiscibility of LPSG-
XG system at higher XG ratio.

Stiffness characteristics

In this work, the values of Friedrich and Heymann
[35] model parameters, shown as A, and a, which are,
respectively, in association with the strength of network
and the number of interactions between the experi-
mented hydrocolloids in the given mixing ratios were
estimated (R?>0.99) in the frequency range of 0.0628
to 62.823 rad/s (Table 3). As the results show, the mag-
nitudes of A, decreases as the LPSG fraction in the
blends increases (except for LPSG75-XG25 compared to
LPSG50-XG50). As a result, it can be deduced that the
highest and the lowest molecular binding exist in the
individual dispersions of XG and LPSG, respectively.

The value of the order of relaxation function (), which
is an indication of the 3D structural of the dispersions
and it able to identify the network extension [72], was
found to be the least for XG (0.14), while no significant
difference was obtained among the blends (p >0.05).

The A, obtained for LPSG (5.88 Pa.rad™*.s%) was lower
than that of sage seed gum (10.06 Pa.rad~“.s®), but higher
than that of guar gum (3.55 Pa.rad™“s®), and in the case
of a parameter, the value for LPSG (0.16) was lower than
the reported values of sage seed gum (0.22) and guar gum
(0.52) [73]. Moreover, the values of the former param-
eter for LPSG-XG blends found to be higher than those
for sage seed gum-guar gum and sage seed gum-xanthan
gum blends, while for the later parameter, the values were
lower than those for sage seed gum-guar gum blends, but
almost similar to those of sage seed gum-xanthan gum
blends [26, 73].

Synergistic interaction

In this work, the LPSG-XG blends behaviour, antago-
nism/synergism influences, was studied using Cole—
Cole plot, which represents the relationship between
the imaginary viscosity (4) and dynamic viscosity
(77. Cole—Cole plot method is a well-known empiri-
cal method applied to analyse the miscibility of poly-
mer blends. As the shape of plotted curves is a smooth,
semi-circular shape, it indicates good miscibility, while
any deviation from this shape implies a heterogeneous
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dispersion and a poorer compatibility of the blends con-
stituents. Figure 8 shows the Cole—Cole plot attained for
the LPSG25-XG75, LPSG50-XG50 and LPSG75-XG25
blend samples. As it can be seen, the most semi-circular
shape which indicates the greatest compatibility between
LPSG and XG was obtained at ratio of 75:25 (power-
law index (/3) =0.87), while the worst miscibility (poorer
compatibility) was shown for the ratio of 25:75 (3=1.02).
This finding also was confirmed based on the value of
calculated (Eq. (14)) for the rheological parameters of
G’ (— 0.095), tan &, (— 0.158), tan § (— 0.037) and k
(0.101) correspond to the LPSG75-XG25 sample, indicat-
ing more synergistic behaviour and lower antagonistic
interaction between LPSG and XG at the ratio of 75:25.

Conclusions

This study was dealt with the rheological (viscoelastic-
ity, flow behaviour and thixotropy measurements) and
thermo-rheological properties of the blends of Lepid-
ium perfoliatum seed gum and xanthan gum to find out
their interaction at various ratios. In the LVE, the XG-
rich blends exhibited stronger gel structure and greater
yield stress values, but lower values of stress at the flow
point. Shear-thinning behaviour was observed for XG
and LPSG individual gels as well as their blends in steady
and oscillatory shear, which comes from weak gel struc-
ture formed by overlapping and entanglements of flexible
random coil chains. Moreover, the frequency depend-
ant of the samples confirmed weak gel structure, which
was not significantly influenced by the ratio of LPSG-XG
blends. The weaker gel structure obtained for LPSG-
rich blends resulted in a greater departure from Cox-
Merz rule. Higher incorporation of LPSG in the blends
decreased the thixotropic behaviour as well as recov-
ery parameter (R, %) obtained from in-shear structural
recovery test. The steady and dynamic yield stress values
attained for LPSG75-XG25 show no significant difference
(p>0.05) with those of XG. Higher aggregation probabil-
ity and more tendency to phase separation in the XG-rich

1000
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ALPSG50-XG50
OLPSG75-XG25
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Fig. 8 The Cole-Cole plot of different ratios of LPSG-XG blends; LPSG

Lepidium perfoliatum seed gum, XG xanthan gum
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system (LPSG25-XG75) resulted in more thermodynamic
incompatibility (higher AG®), which also was confirmed
by the value of f=1.02 calculated from Cole-Cole plot.
Accordingly, the most miscibility and the strongest inter-
action between LPSG and XG were found at the blend
ratio of 75% and 25%, respectively. The method of rheo-
logical study used and the results reported in this work
can shed light on the interaction behaviour of any carbo-
hydrate-based hydrocolloid blends.
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