
Rheological properties of binary mixtures of
Lepidium perfoliatum seed gum and xanthan gum
Alireza Youse�  (  a_youse�@ubonab.ac.ir )

University of Bonab
Komla Ako 

Université Grenoble Alpes
Ghader Hosseinzadeh 

University of Bonab
Shahla Khodabakhshaghdam 

University of Bonab

Research Article

Keywords: Lepidium perfoliatum seed gum, Xanthan gum, Rheology, Interaction, Synergy, Incompatibility

Posted Date: November 11th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-2242124/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Additional Declarations: No competing interests reported.

https://doi.org/10.21203/rs.3.rs-2242124/v1
mailto:a_yousefi@ubonab.ac.ir
https://doi.org/10.21203/rs.3.rs-2242124/v1
https://creativecommons.org/licenses/by/4.0/


1 

 

Rheological properties of binary mixtures of Lepidium perfoliatum seed 1 

gum and xanthan gum  2 

Alireza Yousefi1*, Komla Ako2, Ghader Hosseinzadeh1, Shahla Khodabakhshaghdam1 3 

1Department of Chemical Engineering, Faculty of Engineering, University of Bonab, 55517-61167, 4 

Bonab, Iran 5 

2UGA, LRP, F-38000 Grenoble, France; CNRS, LRP, F-38000 Grenoble, France 6 

*Corresponding authors e-mail: a_yousefi@ubonab.ac.ir; alireza.yousefi@univ-grenoble-alpes.fr  7 

1Address: East Azerbaijan, Velayat highway, University of Bonab, Bonab, Iran 8 

2Address: 363, rue de la Chimie, 38400 Saint-Martin-d'Hères, Université Grenoble Alpes, Grenoble, 9 

France 10 

1Tel.: +98 4137745000; 1Fax: +98 4137740800; 1P.O. Box: 55517-61167 11 

2Tel.: +33 456520194; 2Fax: +33  456520197; 2P.O. Box: 38041 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

mailto:a_yousefi@bonabu.ac.ir
mailto:alireza.yousefi@univ-grenoble-alpes.fr
https://www.univ-grenoble-alpes.fr/en/about-website/contact/contact-140102.kjsp
https://www.univ-grenoble-alpes.fr/en/about-website/contact/contact-140102.kjsp


2 

 

Abstract 22 

Background: In this work, viscoelasticity, flow behaviour, thixotropy and thermo-rheological 23 

properties of binary mixtures of Lepidium perfoliatum seed gum (LPSG), as an emerging food 24 

gum, and xanthan gum (XG) at various blending ratios of  100:0, 75:25, 50:50, 25:75 and 0:100 25 

was studied for a depth insight into their interaction. FTIR analyses were also done to investigate 26 

the interaction between the XG and LPSG.  27 

Results: FTIR results indicated the hydrogen bond formation between the hydrocolloids At the 28 

linear viscoelastic region (LVE), XG-rich blends exhibited higher tan δLVE and τy, but lower τf. 29 

The values of apparent viscosity (ηa) and complex viscosity (η*) diminished with increasing 30 

shear rate/frequency, and XG and LPSG individual dispersions showed the greatest and the 31 

lowest values, respectively. Based on the extended Cox-Merz rule, a greater shift factor (α) is 32 

observed as the ratio of LPSG in the mixed gel increases. At higher fraction of LPSG, except for 33 

the fraction of 75%, the thixotropic behaviour appears to be less pronounced. The recovery 34 

parameter (R, %) obtained from in-shear structural recovery test decreased with increase in 35 

LPSG fraction. The results of non-isothermal kinetic analysis revealed higher thermodynamic 36 

incompatibility and immiscibility of LPSG-XG system in the presence of higher XG ratio. 37 

Moreover, according to the results of Cole-Cole plot, the greatest compatibility of LPSG and XG 38 

blends was for LPSG25-XG75 sample (β = 0.87), whereas the worst miscibility was found to be 39 

for LPSG75-XG25 one (β = 1.02).  40 

Conclusions: Different rheological properties could be obtained by blending various ratios of 41 

LPSG and XG, which in some ratios synergistic behaviour was observed. The wide variety of 42 

rheological properties obtained may be appropriate for the use of LPSG-XG mixtures in food 43 

industries, pharmaceutical and biomedical applications. 44 

 45 

Keywords: Lepidium perfoliatum seed gum, Xanthan gum, Rheology, Interaction, Synergy, 46 

Incompatibility  47 
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Introduction 62 

The application of polysaccharides in formulation industries is growing due to their functional 63 

attributes such as thickening, gelling, emulsifying abilities, etc. Lepidium perfoliatum is native to 64 

Europe and Asia, and the mucilage removed from its seed has been consumed owning to the 65 

pharmaceutical influences. Recently, it has been reported that this mucilage, Lepidium 66 

perfoliatum seed gum (LPSG), has potential to be used as a thickening and stabilizing agent in 67 

food/pharmaceutical systems due to the pseudoplastic behaviour of its dispersions (1). The 68 

optimized conditions to extract the mucilage was found to be at temperature of 48.1 °C, pH of 8, 69 

water to seed ratio of 30:1 and process time of 1.5 h (2). A shear thinning behaviour of LPSG 70 

dispersions has been identified at various temperatures (5 – 65 °C) and concentrations (0.5% – 71 

2%, w/w) (3). LPSG dispersions (1.5% – 3%, w/v) have also been exhibited viscoelastic 72 

properties in the linear viscoelastic region (LVE) at the temperature range of 5 – 85 °C (4). 73 

Xanthan (XG) gum is one of the commercial polysaccharide which has widely been used in 74 

food systems for a number of important reasons comprising  emulsion stabilization, temperature 75 

stability, compatibility with food ingredients, and its pseudoplastic rheological properties (5, 6). 76 

This gum is known as a galactomannan type microbial polysaccharide with anionic nature which 77 

it is produced by fermentation from Xanthomonas campestris. The main chain of galactomannan 78 

is composed of a 1 ̶ 4 linked β-(D)-mannose backbone which may be substituted by a α-(D)-79 

galactose side units at the O(6) position (7). XG solutions are shear thinning and their viscosity 80 

in addition to shear, depends on temperature (both dissolution and measurement temperatures), 81 

the gum concentration, concentration of salts, and pH of solution (6, 8). This pronounced shear-82 

thinning behaviour is due to unique rigid, rod-like conformation of XG, which is more 83 

responsive to shear than a random-coil conformation (9). Moreover, XG solutions produce yield 84 
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stress, which it has been obtained by direct or indirect methods, even at low concentrations (10, 85 

11).  At higher concentration and lower temperature the XG solutions exhibit gel-like behaviour, 86 

which storage modulus (Gʹ) is higher than loss modulus (Gʺ) and both are weakly dependent on 87 

the oscillation frequency in the accessible range (12, 13).  88 

Study on physicochemical and rheological characterizations of gels obtained from mixed 89 

polysaccharides has been an intertwining field of research recently. Such studies continue to be 90 

improved for controlling and describing the mechanism of interaction and the attributes of 91 

blended gels. Several studies have focused on the interaction of XG with other polysaccharides 92 

including guar gum (14), konjak glucomannan (15, 16), locust bean gum (7, 17), starch (10, 18, 93 

19), sodium alginate (20, 21), sage seed gum (22), etc. One of the hypothesis concerning the 94 

mechanism of gelation between XG and other polysaccharides is that the unsubstituted regions 95 

of the monosaccharide backbone attach to the surface of the XG helix, i.e. interaction takes place 96 

when XG has its ordered conformation (23, 24).  In a different approach, the reason has been 97 

mentioned to be the possibility of interaction between the side chains of XG and unsubstituted 98 

segments of the backbone of the polysaccharide (16, 25). 99 

  To have better idea in case of potential applications of LPSG, this research was taken to study 100 

the binary mixture of this emerging hydrocolloid with XG. For this reason, the impact of 101 

different ratios of the biopolymer mixtures (LPSG%-XG%: 0-100, 25-75, 50-50, 75-25, and 100-102 

0) on steady and oscillatory shear flow behaviour were studied. A detailed information about the 103 

rheological characterization of the mixed gels were given using amplitude and frequency sweep 104 

experiments. A new approach was taken to extract thermodynamic parameters (∆𝐺°,  𝜓, ΔS, ΔH) 105 

based on temperature sweep test. Applicable rheological models were used to describe the 106 
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rheological behaviour the mixtures in both steady and dynamic measurements. FTIR analysis 107 

was also carried out to investigate the chemical characteristics of the mixtures.   108 

    109 

Materials and methods 110 

Materials 111 

Lepidium perfoliatum seeds were provided by a medical plant supplier in Tabriz, Iran. The 112 

seeds were then manually cleaned to remove all the impurities which visually could be 113 

identified. The Lepidium perfoliatum seed gum (LPSG) with average molecular weight of 114 

2.34⨯105 Da was obtained according to the method described by Yousefi and Ako (1). Xanthan 115 

gum with average molecular weight of 2⨯106 Da was purchased from Kelco (a division of Merck 116 

Co., New Jersey, USA). 117 

 118 

Preparation of LPSG-XG mixtures 119 

LPSG was mixed with XG with the proportions of 100-0, 75-25, 50-50, 25-75 and 0-100 (%, 120 

w/w) and the final concentration of all the mixtures was kept at 1% (w/w). For solution 121 

preparing, the mixture gum powders were dissolved in ultrapure water and stirred by a magnetic 122 

stirrer (25 °C, 400 rpm) for overnight in order to be sure that complete hydration will be taken 123 

place. Sodium azide (0.01%, w/w) was added to the solutions to inhibit microbial contamination.  124 

 125 

FTIR analysis 126 

To obtain the FTIR spectra, the gel samples of LPSG, XG and LPSG-XG were lyophilized 127 

and pulverized under liquid nitrogen to provide fine powders. FTIR studies for each sample were 128 
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done in triplicate using a spectrophotometer equipped with an UATR accessory (PerkinElmer, 129 

USA). Spectra were achieved over the range of 400 cm−1 to 4000 cm−1 at 2 cm−1 of resolution. 130 

 131 

Rheological characterizations 132 

In this work, a DHR3 Controlled stress/strain rheometer (TA Instruments, New Castle, 133 

England) equipped with a parallel-plate probe (60 mm diameter and 500 µm gap) was exploited 134 

to carry out all the rheological measurements. 135 

 136 

Oscillatory shear test 137 

Strain sweep test 138 

As the dynamic measurements were carried out in the linear viscoelastic region (LVE), the 139 

amplitude sweep experiments (0.1-250%) in controlled shear stress and controlled shear rate 140 

modes were implemented (25 °C, 1 Hz) to gain a strain corresponding to this region. It was 141 

found that for all gel samples a 0.50% strain was completely within the LVE range, and it was 142 

selected to perform all dynamic measurements. 143 

 144 

Frequency sweep test 145 

Frequency sweep experiment was done by subjecting the gels to oscillatory measurements 146 

at a frequency range of 0.01-100 Hz and a constant strain at LVE region (strain of 0.50%). TA 147 

Instruments Trios (version 4.0.1.29891) data analysis software  was applied for determination of 148 

dynamic rheological parameters including the storage modulus (G′), loss modulus (G″), loss 149 

tangent (tan δ) and complex viscosity (η*) and analyze the rheological results at 25 °C.  150 
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It has been stated that the frequency dependency of G′ and G″ values shows a power-law 151 

relation (Eqs. (1) and (2)) for a physical gel (26):  152 𝐺′ = 𝑘′ × 𝜔𝑛′
                                       (1) 153 𝐺′′ = 𝑘′′ × 𝜔𝑛′′

                                   (2) 154 

where, G′ is the storage modulus, G′' is the loss modulus, ω is the oscillation frequency, and k′ 155 

and k′' are model constants. The constant n′ and n′' are the slope in a log–log plot of G′ and G′' 156 

versus ω. 157 

The power-law equation (Eq. (3)) was also fitted on the obtained complex viscosity (η*)-158 

angular velocity (ω) curve in which the k* (Pa.sn) and n* (dimensionless) are, respectively, 159 

intercept and slope of the curve:  160 𝜂∗ = 𝑘∗𝜔(𝑛∗−1)                             (3) 161 

 162 

Temperature sweep test 163 

A frequency of 0.1 Hz and a strain of 0.01% were applied to accomplish the temperature 164 

sweep test in the LVE region. The temperature of Peltier was set on 10 °C, and then sufficient 165 

amount of the samples was placed onto Peltier at this temperature and kept for 15 min. After 166 

applying the gap (500 µm), the samples surpluses were carefully removed and the edges of the 167 

samples were covered with a thin film of silicon oil to prevent evaporation during the 168 

experiments. A temperature gradient sweep was performed within the range of 10- 90 °C. For 169 

this purpose, the temperature was linearly increased and then decreased at the rate of 1 °C/min. 170 

During the measurements, the values of complex modulus (𝐺∗ =  √(𝐺′)2 + (𝐺′′)2) as a function 171 

of time and temperature were recorded.  172 

 173 

 174 
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Thermodynamic incompatibility 175 

For this reason, the new method described by Razavi, Alghooneh (27). Accordingly, the 176 

interaction of biopolymers as supposed to be a kind of equilibrium reaction as follows: 177 

𝑤1. 𝐿𝑃𝑆𝐺 + 𝑤2. 𝑋𝐺 ⇌ 𝑤3. (LPSG − XG)                           (4) 178 

here, w1 is the weight fraction of LPSG, w2 is the weight fraction of XG in the mixture, and w3 179 

refers to the weight fraction of the LPSG-XG mixtures. Consequently, the equilibrium constant 180 

(Keq) can be calculated (Eq. (5)) based on G* parameter:  181 

𝐾𝑒𝑞 =  (𝐺∗𝐿𝑃𝑆𝐺−𝑋𝐺)𝑤3(𝐺∗𝐿𝑃𝑆𝐺)𝑤1 × (𝐺∗𝑋𝐺)𝑤2                               (5) 182 

In a reaction, supposed that the Keq parameter can be connected to the standard Gibbs free 183 

energy change (∆𝐺°) as follows:   184 

∆𝐺° = −𝑅𝑇𝑙𝑛(𝐾𝑒𝑞)                         (6) 185 

Base on this equation, the value of (-ln(Keq)), the 𝜓 parameter, can be used as a representative 186 

of ∆𝐺°. Furthermore, the changes in enthalpy (ΔS, J/mol.°K) and entropy (ΔH, J/mol) of the 187 

supposed reactions over the temperature sweep experiments were obtained using the Eq. (7) and 188 

Eq. (8) (28), respectively:  189 

∆𝑆 = 𝑅 × ln (𝐾0 × 𝑁𝐴 × ℎ2.72𝑅𝑇 )                        (7) 190 

∆𝐻 =  ∆𝐺 + 𝑇∆𝑆                            (8) 191 

in which, K0 is the frequency factor (dimensionless), NA is the Avogadro constant (mol-1) and h is 192 

the Planck constant (J.s).  193 
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The frequency factor and activation energy (Ea) can be obtained based on a combination of 194 

the classic rate equation, Arrhenius equation, and time-temperature relationship developed by 195 

Rhim, Nunes (29). The following relation (Eq. (9)) is a general form of non-isothermal kinetic 196 

analysis based on complex modulus (G*) attained from temperature sweep test, which is in 197 

connection with the structure development or degradation of materials:   198 

𝑙𝑛 ( 1𝐺∗ 𝑚 × 𝑑𝐺∗𝑑𝑡 ) = ln 𝑘0 + (𝐸𝑎𝑅𝑇)                        (9) 199 

in which, m is the order of reaction, t is time (s), k0 is the Arrhenius pre-exponential or 200 

frequency factor, Ea is the activation energy (J/mol), R  and T  are respectively the universal gas 201 

constant (J/mol K) and the absolute temperature (K).  202 

 203 

Material stiffness parameter  204 

Based on some assumptions expressed by Friedrich and Heymann (30) in case of calculating 205 

the viscoelastic modules in the LVE domain, at high frequency range or near the gel point, the 206 

following relation, Eq. (10), can be exploited to calculate the material stiffness parameter (31): 207 

𝐺∗ ≅ (2𝜋)0.5𝑆𝛼∗ 𝜔𝛼 = 𝐴𝛼𝜔𝛼                                  (10) 208 

where, α is the order of relation function, 𝑆𝛼∗  is a parameter dependent to the stiffness of 209 

materials, and 𝐴𝛼 is the material stiffness parameter (Pa.rad-α.sα).  210 

 211 

Steady shear test 212 

Steady shear measurements 213 

In this case, shear stress (τ) – shear rate (𝛾̇) date were obtained at strain-controlled mode by 214 

applying the shear rate in the range of 0.01-500 s-1 to the LPSG-XG mixtures at 25 °C. The 215 
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power-law (Ostwald-De Waele) (Eq. (11)) was used to describe the time-independent flow 216 

behaviour of the mixtures (32): 217 𝜂𝑎 = 𝑘𝛾̇(𝑛−1)                             (11)    218 

in which, k (Pa.sn) and n are the power-law consistency coefficient and flow behaviour index, 219 

respectively. 220 

 221 

Thixotropy measurements 222 

In order to determine the time-dependency of the LPSG-XG mixtures, the shear rate was 223 

increased from 0.01 to 500 s-1 during 180 s and then decreased at the same time from 500 to 0.01 224 

s-1. The hysteresis loop was calculated from the area between the upstream and downstream 225 

stress-strain data. Then, the area was measured by the difference between integrating the area for 226 

forward and backward measurements from initial shear rate (𝛾̇1) to final shear rate (𝛾̇2) as 227 

follows (Eq. (12)):  228 

Hysteresis loop area = ∫ 𝑘𝑝𝛾̇𝑛𝑝𝛾2𝛾̇1 − ∫ 𝑘′𝑝𝛾̇𝑛′𝑝𝛾2𝛾̇1      (12) 229 

where kp, k’p, np and n’p are the consistency coefficient and flow behavior index for forward 230 

and backward measurements, respectively. 231 

Based on the method described by Mezger (33), in-shear structural recovery of the LPSG-XG 232 

samples was measured. Hence, a three consecutive shear flow was implemented as follows: (a) 233 

after pre-shearing at 1 s-1 for 30 s, the samples subjected to shear rate of 1s-1 for 2 min, (b) shear 234 

rate of 300 s-1 was applied for 1 min, and eventually (c) the samples was again subjected to the 235 

shear rate of 1s-1 for 2 min. Accordingly, the magnitude of recovery of the samples (R, %)  was 236 

calculated as the percentage ratio of average ηa gained during the first 30 s of the third step to 237 

average ηa value recorded in the first step.  238 
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Moreover, for better understanding of the structural features of time-dependent behaviour of 239 

the mixtures, first-order stress decay model (Eq. (13)) was fitted on the shear stress (τ) – time (t) 240 

data obtained from the third step of the flow measurement (step (c)): 241 𝜏 − 𝜏𝑒𝑞 = (𝜏0 − 𝜏𝑒𝑞)𝑒−𝑘𝑡                              (13) 242 

where, τ0 implies the immediate recovered structure, and τeq (Pa) indicates the structural stability 243 

of recovered material, and k (s-1) exhibits the rate of recovery.  244 

 245 

Yield stress measurements 246 

The yield stress values of LPSG-XG mixtures were directly calculated by linearly ramping 247 

of stress from 0.1 to 20 Pa over 120 s. Afterwards, the obtained apparent viscosities were plotted 248 

against the applied stresses. Results show an increment in the viscosity as long as the structure is 249 

maintained (elastic behaviour), followed by a sharp decrement in the viscosity as the structure 250 

collapses and the material starts to flow (fluid behaviour). The stress corresponding to the 251 

maximum apparent viscosity is considered as the yield stress (Steffe, 1996).  252 

 253 

Interaction coefficient measurements 254 

The following equation described by Razi, Motamedzadegan (34) was used to find out the 255 

synergistic or antagonistic influence of the incorporations of the gums in the mixtures compared 256 

to the weight averages of the single component systems for all the rheological parameters 257 

studied: 258 

𝛼 (%) = 𝐸𝑥𝑝.(𝐿𝑃𝑆𝐺−𝑋𝐺)−(𝑤1×𝐸𝑥𝑝.𝐿𝑃𝑆𝐺+𝑤2×𝐸𝑥𝑝.𝑋𝐺)𝐸𝑥𝑝.(𝐿𝑃𝑆𝐺−𝑋𝐺)                                       (14) 259 
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where, Exp.(LPSG-XG), Exp.LPSG and Exp.XG are the parameters obtained from the rheological 260 

experiments for LPSG-XG mixtures, LPSG and XG, respectively.  261 

 262 

Results and discussions 263 

FTIR characterization 264 

To further study the interaction between the XG and LPSG, any changes in the position and 265 

intensity of the vibration bands were analyzed by FTIR analysis. FTIR spectra of the lyophilized 266 

LPSG-XG samples are shown in Fig. 1. In the FTIR spectrum of XG, the stretching vibration of 267 

–O-H bond (and hydrogen bond) is seen as a typical broad band at about 3200 cm−1. The peaks 268 

at about 2900 cm−1 are attributed to the symmetric and asymmetric stretching vibration of the 269 

SP3 –C-H bonds. The two characteristic peaks at about 1700 and 1600 cm−1 can been assigned to 270 

the stretching modes of -C=O (carbonyl) bonds of the ester and ether groups. The peaks related 271 

to the symmetric and asymmetric bending vibration modes of -C-H bonds are observed at about 272 

1400 cm−1. The peaks appearing at 1000-1250 cm−1 are related to the stretching vibration of -C-273 

O bonds (35, 36). The out-of-plane bending vibration modes of -O-H bonds are appeared at 274 

about 950 cm−1. The LPSG FTIR spectrum has nearly the same peaks as the XG spectrum, 275 

except the very weak peak of -O-H bond, indicating low -O-H content of LPSG (37). All of the 276 

composite samples of XG and LPSG, have weaker the –O-H bond peak, indicating the hydrogen 277 

bond formation between the XG and LPSG. Additionally, enhancement of the intensity of the 278 

bands at about 1600 cm−1, indicates the interaction between XG and LPSG (38).  279 

 280 

 281 

 282 
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Oscillatory strain 283 

In the linear viscoelastic region (LVE), the extent of elastic (Gʹ) and viscos (Gʺ) modulus are 284 

roughly constant, whilst in the non-linear region both start to diminish (Fig. 2). The strain at 285 

which the value of Gʹ is sharply decreased due to the deformability of the LPSG-XG mixtures.  286 

The rheological parameters at LVE including loss tangent (tan δLVE), yield stress (τy) and flow-287 

point stress (τf) with corresponding modulus (Gf: G′ = G″) were determined and represented in 288 

Table 1. The values of tan δLVE, which indicates the physical behaviour of gel systems, were 289 

within the range of 0.281 – 0.312, indicating a predominantly elastic behaviour of the samples at 290 

the LVE region. No significant difference was found between the tan δLVE values of LPSG50-291 

XG50 and LPSG75-XG25 (p > 0.05) samples, whilst for the others, lower values were obtained 292 

at higher ratios of XG.  As it can be seen, the samples with higher extent of XG (LPSG0-XG100 293 

and LPSG25-XG75) exhibited significantly (p < 0.05) greater yield stress (τy) values (0.37 Pa – 294 

62 Pa). In other words, it can be stated that resistance to the stress applied to these gels, which 295 

indicates the starting point of weakening of the gel strength, was more than the other gels (39). 296 

Out of the LVE region where the G′ cross G″ (flow point), the structure is ruptured and the 297 

system starts to flow. In the contrast to the aforementioned results, the corresponding stress for 298 

this point (τf), which implies the yield stress at the flow point, was found to be greater for the 299 

systems containing higher levels of LPSG. Large values of τf for LPSG dispersions at the LVE 300 

region has previously been reported at different concentrations (1.5% – 3%) and temperatures (5 301 

°C – 85 °C) (4).    302 

 303 

Steady shear and frequency dependent behaviour 304 

The shear-dependent viscosity curve obtained for individual gum samples and their blends are 305 

represented in Fig. 3. As shear rate was raised up to 500 s-1, the apparent viscosity of all samples 306 
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decreased, indicating their shear-thinning behaviour. As it is evident, the samples containing 307 

higher ratios of XG noticeably represented greater values of apparent viscosity, except in the 308 

case of LPSG-50-XG50 and LPSG75-XG25, which no significant difference was observed (p > 309 

0.05). The power-law equation (Eq. (11)) fitted well (R2 ≥ 0.98) on the experimental data and its 310 

parameters are shown in Table 2. As the ratio of LPSG in the gum mixtures was enhanced from 311 

0% to 100%, the consistency coefficient (k) was reduced up to 72%. In the case of flow 312 

behaviour index (n), no significant difference (p > 0.05) was detected between the mixtures 313 

containing 0%, 25% and 100% LPSG, while LPSG50-XG50 and LPSG75-XG25 samples 314 

revealed significantly lower values (more pseudoplasticity) (p < 0.05). The pseudoplasticity of 315 

hydrocolloids allows liquid foods to be pumped easily and it is also aligned with a lower degree 316 

of sliminess in the mouth during swallowing (40, 41).    317 

The variation of G′ and G″ with frequency for the gel samples is given in Fig. 4a-b. As it is 318 

evident from the magnitude of the moduli, the G′ values of all the samples were constantly over 319 

the G″ ones with low frequency dependence, which implies solid-like behaviour. The fitting 320 

results indicated the appropriateness of power-law equations (Eqs. (1) and (2)) for describing the 321 

frequency dependence of the moduli (R2 ≥ 0.86) (Table 3). From the results, a low frequency 322 

dependency of G′ (0.15 ≤ n′ ≤ 0.19) and G″ (0.15 ≤ n″ ≤ 0.25) was detected for all the samples, 323 

which reflected the characteristics of week-gel. This characteristics was also confirmed from the 324 

ratio of G′/G″ (2.46 ≤ k′/k″ ≤ 3.63), which were lower than 10 folds (32). Weak physical gels 325 

have reversible links, i.e. hydrogen bands or ionic associations, formed from temporary 326 

associations between polymer chains. These associations have finite lifetime, breaking and 327 

reforming continuously (42). The k′ and k″ parameters drastically diminished, respectively 87% 328 
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and 436%, as the LPSG fraction in the mixtures was increased, whilst in the case of n′ and n″ 329 

there were not significant differences between most of the samples (p > 0.05).      330 

The frequency dependence of complex viscosity (η*) over the frequency range of 0.01-100 Hz 331 

was assessed and the results are depicted in Fig. 4c.  The values of η* diminished with increasing 332 

frequency, and XG and LPSG individual dispersions showed the greatest and the lowest η* 333 

values, respectively. This decrement in value of η* is due to the further destruction of structure at 334 

higher frequency and indicates the pseudoplasticity under small deformation. The absolute 335 

values of the slopes obtained from complex viscosity-frequency curves were within the range 336 

0.80 – 0.85 (data not shown), which were higher than the critical value of 0.76, representing a 337 

weak gel polysaccharide formed by overlapping and entanglements of flexible random coil 338 

chains (43). Similar results have been reported for xanthan gum-cress seed gum (44) and sage 339 

seed gum-xanthan gum blends (22).    340 

Based on the results of loss tangent (tan δ) shown in Fig. 4d, this characteristic was almost 341 

frequency independent entire the frequency range applied for XG. In comparison, the other 342 

samples showed various degrees of dependency for the frequencies > 2.5 Hz (LPSG25-XG75), > 343 

1.58 Hz (LPSG75-XG25), > 0.40 Hz (LPSG50-XG50) and > 0.25 Hz (LPSG100-XG0). Loss 344 

tangent is considered as one of the most common dynamic rheological parameters employed for 345 

description of viscoelastic behaviour, and the values of tan δ < 1 and tan δ > 1 are dedicated to 346 

the concepts of predominantly elastic and viscous behaviours, respectively (39, 45). The 347 

magnitudes of tan δ for all the samples found to be in the range of 0.16 – 0.68, which indicates 348 

an intermediate behaviour between a weak and a strong elastic gel.  349 

The results of dynamic tests obviously revealed that increase in LPSG fraction in the LPSG-350 

XG mixtures almost resulted in a lower value of complex viscosity and elastic moduli, but a 351 
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higher value of tan δ (Fig. 5a-b). All these results confirm the existence of a stronger gel 352 

structure at a higher fraction of XG. As can be observed, the only exception among the samples 353 

was LPSG75-XG25, which indicted the characteristics of a stronger structure compared to 354 

LPSG50-XG50. This variation in rheological properties resulting from the difference in mixing 355 

ratios of hydrocolloids has already been reported for xanthan gum-glucomannans (23), xanthan 356 

gum-locust bean gum (7, 17), sage seed gum-xanthan gum (22), vinal gum-xanthan gum (46), 357 

and xanthan gum-cress seed gum (44). 358 

 359 

Applicability of the Cox-Merz rule 360 

The Cox-Merz rule has been proposed by Cox and Merz (47), and this rule involves steady 361 

shear viscosity (ηa) and complex viscosity (η*) measured at a small oscillatory strain, as follows 362 

(Eq.(15)): 363 

𝜂𝑎(𝛾̇) = |𝜂∗(𝜔)|𝜔=𝛾̇                              (15) 364 

It is applicable for vary of polymer solutions, especially when the measurement of viscosity at 365 

higher shear rate region from the oscillatory strain measurements is difficult because of the 366 

sample fracture, secondary flow and etc. (48). By entering α parameter which is the shift factor, 367 

this equation is changed as Eq. (16) and it is called the extended or modified Cox-Merz rule: 368 

𝜂𝑎(𝛾̇) = |𝜂∗(𝛼. 𝜔)|𝜔=𝛾̇                              (16) 369 

The extent of departure from Cox-Merz rule (β) can be obtained from the areas calculated by 370 

the flowing integral equation (Eq. (17)): 371 

𝛽 = 𝑎𝑏𝑠(∫ 𝜂∗𝜔𝜔0 𝑑𝜔−∫ 𝜂𝑎𝛾̇𝛾̇0 𝑑𝛾̇)∫ 𝜂∗𝜔𝜔0 𝑑𝜔                               (17) 372 



18 

 

The results, obtained at the frequency range of 0.1-100 Hz and the shear rate range of 0.1-100 373 

s-1, revealed that as the ratio of LPSG in the mixed gel increases, more shift is observed and the 374 

value of α parameter raises from 0.69 to 3.67 (Table 4). The values of α parameter greater than 375 

unity attained for almost all the samples, except XG, imply that the complex viscosity (|𝜂∗(𝜔)|) 376 

is almost always smaller than the steady-shear viscosity (𝜂𝑎(𝛾̇)) at the given range of 377 

frequency/shear rate. This behaviour is not very relevant for biopolymeric solutions, but it has 378 

been found in some studies for semidilute solutions of xanthan gum in 0.5% NaCl (49), aqueous 379 

solutions of hydroxyethyl guar gum (50), several concentrations of high-methoxyl pectin (51) 380 

and high concentrations of vinal gum solutions (46). Although the Cox-Merz superposition rule 381 

has apparently been confirmed for some hydrocolloid solutions (51-53), but this rule has been 382 

not obeyed by biopolymeric dispersions without applying the shift factor. The same behaviour in 383 

case of β values was also observed for all the samples, except LPSG75-XG25, influenced by the 384 

increment in the level of LPSG in the blends (Table 4). The greatest and the lowest values of β 385 

were found for LPSG (2.85) and XG (0.35) individual gels, respectively. This departure for 386 

polymeric dispersions may be associated with either the presence of hyper-entanglements, i.e. 387 

high density entanglements, or aggregates (54, 55). It has been suggested that departure from the 388 

Cox-Merz rule is related to the characteristics of a weak gel structure for sage seed gum-xanthan 389 

blends (22). It is likely that a similar mechanism is happening in our systems, LPSG gel has a 390 

weaker gel structure, which it is in agreement with the results of Table 1, where a greater value 391 

of tan (δLVE) (0.312) has been reported for this sample.  392 

 393 

 394 

 395 
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Thixotropic behaviour 396 

The results attained from shear loop test of the LPSG-XG blends are depicted in Fig. 6. As 397 

shown in Table 5, the maximum (20.86%) and the minimum (0.88%) amount of hysteresis loop 398 

area were observed for XG and LPSG individual gum samples, respectively. It means that the 399 

rate of macromolecules disentanglement induced by shear for XG was higher than their re-400 

entanglement compared to the others. Comparatively, these results indicate the sensitivity of 401 

LPSG to shear history and its weaker thixotropic behaviour. From the results, thixotropy appears 402 

to be less pronounced at higher fraction of LPSG, but at fraction of 75% LPSG, an increase in 403 

thixotropy behaviour was observed which showed no significant difference with that of XG (p > 404 

0.05). According to the results presented in Table 5, the power-law consistency coefficient (kp = 405 

0.47 – 22.54) and flow behaviour index (np = 0.08 – 0.44) for forward curves were higher and 406 

lower than those of backward curves (k′p = 0.10 – 3.51, n′p = 0.38 – 0.64), respectively. 407 

Consequently, it can be supposed that the structure of the samples have, to some extent, been 408 

destroyed during applying shear rate in forward state. Almost for all the samples, increase in 409 

LPSG fraction resulted in a decrease in kp and k′p parameters and an increase in np and n′p ones, 410 

respectively.  411 

According to the results of in-shear structural recovery test (Table 6), the recovery parameter 412 

(R, %), which considers as an indicator of the recovered structure, decreased from 80.52% to 413 

34.43% with increase in LPSG fraction from 0% to 100%. This parameter is concerned with the 414 

recovered structure after high shear degradation  and is associated to particle rearrangements or 415 

microstructure rebuilding at rest (22, 56). In order to provide a detailed information about the 416 

mechanism of structure recovery, the first order stress decay model (Eq. (13)) was used for 417 

description of the single influence of time, which could appropriately fitted on the experimental 418 
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data (R2 > 0.93). The results obtained for the immediate recovered structure parameter (τ0), 419 

which reflects the extent of elastic component materials in high deformation, revealed that XG 420 

and LPSG had, respectively, the highest (4.34 Pa) and the lowest (1.07 Pa) values. The same 421 

trend was also observed in the case of the stress value at equilibrium plateau (τeq) with value of 422 

4.53 Pa for XG, and value of 1.59 Pa for LPSG. This result indicates XG has a greater reforming 423 

of the agglomerates, which results in a stronger structure. The highest rate of recovery (k) was 424 

found for XG (0.099 s-1), while there was not any significant difference between most of the 425 

samples. This parameter implies at which rate the material will be reached to its recovered 426 

plateau state when the stress totally or partially is removed. 427 

 428 

Yield stress 429 

Stress ramp technique, which is considered as the most frequently one among several methods 430 

used for determination of the yield stress of food systems (57, 58), was applied in this study. The 431 

yield stress results of the mentioned technique, which is called the static yield stress (59), are 432 

represented in Fig. 7. In this method, it is assumed that there is a critical stress, which is called 433 

yield stress, below which the material has elastic-like behaviour, and above which the structure 434 

collapses and start to flow. It means that before the yield stress the system is fully elastic and is 435 

still able to absorb the stress energy without altering its internal microstructure. Exactly after this 436 

point, the viscosity abruptly decreases, because the microstructure is changing and the system is 437 

unable to absorb more energy without being deformed (60). With increasing the fraction of 438 

LPSG in the mixed system up to 50%, the magnitude of yield stress constantly decreased (33%), 439 

while at 75% fraction this value slightly enhanced (13%) and followed by another decrease 440 

(13%) at fraction 100%. However, no significant difference was seen between the LPSG 441 
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fractions of 25% and 75%, as well as 50% and 100% (p > 0.05). In addition to stress ramp 442 

method, the dynamic yield stress values were also precisely estimated by extrapolating stress 443 

value to the zero shear rate using the Herschel-Bulkley model (R2 = 0.995 – 0.999, RMSE = 444 

0.145 – 0.366) (61). As represent in Fig. 7, there were not any significant difference between the 445 

dynamic yield stress values (3.92 Pa – 4.05 Pa) of the samples containing 0%, 25% and 75% 446 

LPSG (p > 0.05) and they had the greatest values, whereas the lowest ones were obtained for 447 

LPSG50-XG50 (2.62 Pa) and LPSG100-XG0 (3.36 Pa) samples. This trend was almost the same 448 

with the trend observed for the results obtained from the stress ramp method. The high yield 449 

stress of XG may come from interaction between its macromolecules and intermolecular 450 

association of acetate residues, which stable configuration that can exhibit a resistant to flow (62, 451 

63). As it is evident, the dynamic yield stress values for all the samples were greater than those 452 

of the static yield stress (7% – 45%), which was in agreement with some results have been 453 

reported for the hydrocolloids mixtures (22, 64). These results obviously demonstrated that all 454 

the gel samples had to some extent coherent network structures; therefore they require to be 455 

subjected to a certain amount of stress to start the flow.  456 

 457 

Activation energy and thermodynamic attributes 458 

The estimated values of Ea based on the Eq. (9) showed that at the heating stage, as the ratio of 459 

SSG increases from 25% to 75%, the Ea values increases from 9.77 to 16.32 (kJ/mol) (Table 7). 460 

At this stage, SSG showed a pronounced higher value Ea than XG, indicating higher sensitivity 461 

of SSG network to temperature than that of XG. During the cooling stage, in contrast with the 462 

results obtained at the heating stage, the extent of Ea diminished from 44.38 to 17.63 (kJ/mol), as 463 

the LPSG ratio increased from 25% to 75%, which confirms the low influence of temperature on 464 
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LPSG conformational changes. This result was consistent with the higher value of Ea for XG 465 

(80.24 kJ/mol) than LPSG (61.61 kJ/mol) obtained at the cooling stage.  466 

The thermodynamic characteristics of Gibbs free energy, enthalpy and entropy of LPSG-XG 467 

mixtures at 25 °C are represented in Table 7. As it can be observed, the ΔG° of all LPSG-XG 468 

samples is positive and this characteristic enhanced, at both heating/cooling stages, as the ratio of 469 

XG in the mixture increased. In other words, the thermodynamic incompatibility of the mixed 470 

system decreases with an increase of LPSG fraction. One of the main reasons for this result may 471 

be the higher molecular weight of XG (2⨯106 Da) than LPSG (2.34⨯105 Da), which results in a 472 

higher tendency to aggregate and phase separate in systems containing higher XG ratio.  473 

Low entropy of macromolecules mixing indicates more thermodynamic incompatibility 474 

between them (65). The results of entropy obtained based on Eq. (7) for LPSG-XG blends 475 

revealed negative values, which diminished with a raise in ratio of XG. It means that the LPSG 476 

chains have access to lower extent of the volume occupied by the XG molecules in the high-ratio 477 

XG blends (LPSG25-XG75) than that of XG in the low-ratio XG blends (LPSG75-XG25) at 25 478 

°C; therefore, at increasing XG ratio, ΔS of the systems decreased, which confirms more 479 

aggregation of XG due to its higher rigidity at low temperature (27). The enthalpy of mixing 480 

(ΔH) determined by the Eq. (8), showed strongly endothermic values for all the blends that 481 

decreased with the increase of LPSG ratio during heating/cooling steps. The value of ΔH points 482 

the miscibility or immiscibility of a system, so as the system with negative values have shown 483 

miscibility (66). Accordingly, the results confirmed higher immiscibility of LPSG-XG system at 484 

higher XG ratio.  485 

 486 

 487 
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Stiffness characteristics 488 

In this work, the values of Friedrich and Heymann (30) model parameters, shown as Aα and α, 489 

which are, respectively, in association with the strength of network and the number of 490 

interactions between the experimented hydrocolloids in the given mixing ratios were estimated 491 

(R2 ≥ 0.99) in the frequency range of 0.0628 to 62.823 rad/s (Table 3). As the results show, the 492 

magnitudes of Aα decreases as the LPSG fraction in the blends increases (except for LPSG75-493 

XG25 compared to LPSG50-XG50). As a result, it can be deduced that the highest and the 494 

lowest molecular binding exist in the individual dispersions of XG and LPSG, respectively.  495 

The value of the order of relaxation function (α), which is an indication of the 3D structural of 496 

the dispersions and it able to identify the network extension (67), was found to be the least for 497 

XG (0.14), whilst no significant difference was obtained among the blends (p > 0.05).  498 

The Aα obtained for LPSG (5.88 Pa.rad-α.sα) was lower than that of sage seed gum (10.06 499 

Pa.rad-α.sα), but higher than that of guar gum (3.55 Pa.rad-α.sα), and in the case of α parameter, 500 

the value for LPSG (0.16) was lower than the reported values of sage seed gum (0.22) and guar 501 

gum (0.52) (68). Moreover, the values of the former parameter for LPSG-XG blends found to be 502 

higher than those for sage seed gum-guar gum and sage seed gum-xanthan gum blends, while for 503 

the later parameter, the values were lower than those for sage seed gum-guar gum blends, but 504 

almost similar to those of sage seed gum-xanthan gum blends (22, 68).      505 

 506 

Synergistic interaction 507 

In this work, the LPSG-XG blends behaviour, antagonism/synergism influences, was studied 508 

using Cole-Cole plot, which represents the relationship between the imaginary viscosity (η′) and 509 

dynamic viscosity (η″). Cole-Cole plot method is a well-known empirical method applied to 510 
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analyze the miscibility of polymer blends. As the shape of plotted curves is a smooth, semi-511 

circular shape, it indicates good miscibility, whilst any deviation from this shape implies a 512 

heterogeneous dispersion and a poorer compatibility of the blends constituents. Figure 8 shows 513 

the Cole-Cole plot attained for the LPSG25-XG75, LPSG50-XG50 and LPSG75-XG25 blend 514 

samples. As it can be seen, the most semi-circular shape which indicates the greatest 515 

compatibility between LPSG and XG was obtained at ratio of 75:25 (power-law index (β) = 516 

0.87), while the worst miscibility (poorer compatibility) was shown for the ratio of 25:75 (β = 517 

1.02). This finding also was confirmed based on the value of α calculated (Eq. (14)) for the 518 

rheological parameters of G′ (-0.095), tan δLVE  (-0.158), tan δ (-0.037), and k (0.101) correspond 519 

to the LPSG75-XG25 sample, indicating more synergistic behaviour and lower antagonistic 520 

interaction between LPSG and XG at the ratio of 75:25.   521 

 522 

Conclusions  523 

This study was dealt with the rheological (viscoelasticity, flow behavior and thixotropy 524 

measurements) and thermo-rheological properties of the blends of Lepidium perfoliatum seed 525 

gum and xanthan gum to find out their interaction at various ratios. In the LVE, the XG-rich 526 

blends exhibited stronger gel structure and greater yield stress values, but lower values of stress 527 

at the flow point. Shear thinning behaviour was observed for XG and LPSG individual gels as 528 

well as their blends in steady and oscillatory shear, which comes from weak gel structure formed 529 

by overlapping and entanglements of flexible random coil chains. Moreover, the frequency 530 

dependant of the samples confirmed weak gel structure, which was not significantly influenced 531 

by the ratio of LPSG-XG blends. The weaker gel structure obtained for LPSG-rich blends 532 

resulted in a greater departure from Cox-Merz rule. Higher incorporation of LPSG in the blends 533 
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decreased the thixotropic behaviour as well as recovery parameter (R, %) obtained from in-shear 534 

structural recovery test. The steady and dynamic yield stress values attained for LPSG75-XG25 535 

show not significant difference (p > 0.05) with those of XG. Higher aggregation probability and 536 

more tendency to phase separation in the XG-rich system (LPSG25-XG75) resulted in more 537 

thermodynamic incompatibility (higher ΔG°), which also was confirmed by the value of β = 1.02 538 

calculated from Cole-Cole plot. Accordingly, the most miscibility and the strongest interaction 539 

between LPSG and XG were found at the blend ratio of 75% and 25%, respectively. The method 540 

of rheological study used and the results reported in this work can shed light on the interaction 541 

behaviour of any carbohydrate-based hydrocolloid blends.  542 
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Table 1. The rheological parameters obtained from the linear viscoelastic region (LVR) for 742 

different ratios of LPSG-XG blends (1 Hz, 25 °C).ab 743 

a Values in rows with different letters are significantly different (P ≤ 0.05). 744 
b LPSG: Lepidium perfoliatum seed gum; XG: xanthan gum. 745 

 746 

 747 

 748 

 749 

Table 2. The power-law parameters obtained from the steady shear and oscillatory shear tests 750 

of the different ratios of LPSG-XG blends.ab 751 

a Values in columns with different letters are significantly different (P ≤ 0.05). 752 
b LPSG: Lepidium perfoliatum seed gum; XG: xanthan gum. 753 

 754 

 755 

 756 

 757 

 758 

 759 

 760 

 761 

Parameters  
LPSG-XG (%) 

LPSG0-XG100 LPSG25-XG75 LPSG50-XG50 LPSG75-XG25 LPSG100-XG0 

Tan (δLVE) 0.283 ± 0.002C 0.281 ± 0.002C 0.297 ± 0.001B 0.294 ± 0.004B 0.312 ± 0.003A 

τy (Pa) 0.62 ± 0.09A 0.37 ± 0.06B 0.25 ± 0.03C 0.21 ± 0.03C 0.22 ± 0.04C 

τf (Pa) 5.26 ± 0.25B 3.81 ± 0.17C 6.12 ± 0.40A 5.91± 0.22A 5.98 ± 0.36A 

LPSG-XG (%) 

 𝜼𝒂 = 𝒌𝜸̇(𝒏−𝟏)  𝜼∗ = 𝒌∗𝝎(𝒏∗−𝟏) 
 )n(Pa.s k n 2R  k* (Pa.sn) n* R2 

LPSG0-XG100  a4.67 ± 0.11 a0.41 ± 0.02 0.99  a0.188.63 ±    c0.11 ± 0.00 0.99 

LPSG25-XG75  b3.18 ± 0.14 a0.39 ± 0.01 0.98  b4.89 ± 0.14   b0.14 ± 0.00 0.99 

LPSG50-XG50  c2.98 ± 0.09 b0.33 ± 0.01 0.99  d1.39 ± 0.07   b0.15 ± 0.01 0.99 

LPSG75-XG25  d2.38± 0.13 b0.34 ± 0.02 0.99  c2.10 ± 0.10 a0.010.17 ±  0.99 

LPSG100-XG0  e1.30 ± 0.10 a0.38 ± 0.03 0.98  e0.79 ± 0.04 c0.10 ± 0.00 0.99 
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Table 3. Power-law parameters of storage modulus (G′), loss modulus (G″), and complex 762 

modulus (G*) for the different ratios of LPSG-XG blends (0.50% strain, 25 °C).ab 763 

a Values in columns with different letters are significantly different (P ≤ 0.05). 764 
b LPSG: Lepidium perfoliatum seed gum; XG: xanthan gum. 765 

 766 

  767 

 768 

 769 

Table 4. The extended Cox-Merz model constant (α) and the extent of departure parameter (β)  770 

for the different ratios of LPSG-XG blends.a 771 

             a LPSG: Lepidium perfoliatum seed gum; XG: xanthan gum. 772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

LPSG-XG (%) 

 𝑮′ = 𝒌′ × 𝝎𝒏′
  𝑮′′ = 𝒌′′ × 𝝎𝒏′′

  𝐺∗ = 𝐴𝛼𝜔𝛼 

 k′ (Pa.sn) n′ R2  k″ (Pa.sn) n″ R2  Aα α R2 

LPSG0-XG100  59.50 ± 3.74a  0.15 ± 0.01b 0.99  16.36 0.15 ± 0.00c 0.97  46.46 0.14 0.99 

LPSG25-XG75  31.72 ± 1.33b  0.17 ± 0.00b 0.99  9.35 0.23 ± 0.01b 0.96  24.09 0.16 0.99 

LPSG50-XG50  10.18 ±  0.60d 0.19 ± 0.02ab 0.98  3.58 0.22 ± 0.01b 0.92  7.56 0.17 0.99 

LPSG75-XG25  13.07 ± 0.56c 0.17 ± 0.00ab 0.99  4.93 0.25 ± 0.01a 0.87  9.99 0.17 0.99 

LPSG100-XG0  7.49 ± 0.81e  0.16 ± 0.00b 0.99  3.05 0.25 ± 0.01a 0.86  5.88 0.16 0.99 

LPSG-XG (%) 

 𝜂(𝛾̇) = |𝜂∗(𝑎. 𝜔)|𝜔=𝛾̇  

β 

 α R2  

LPSG0-XG100  0.69 0.98  0.35 

LPSG25-XG75  1.01 0.96  0.40 

LPSG50-XG50  1.74 0.99  2.69 

LPSG75-XG25  2.85 0.99  0.91 

LPSG100-XG0  3.67 0.97  2.85 
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 782 

Table 5. The parameters of power-law model and the hysteresis loop area values obtained from 783 

shear loop test of the different ratios of LPSG-XG blends.ab 784 

a Values in columns with different letters are significantly different (P ≤ 0.05). 785 
b LPSG: Lepidium perfoliatum seed gum; XG: xanthan gum. 786 

 787 

 788 

 789 

 790 

 791 

 792 

 793 

Table 6. The first order stress decay model parameters and the recovery parameter (R, %) 794 

obtained for the different ratios of LPSG-XG blends.ab 795 

a Values in columns with different letters are significantly different (P ≤ 0.05). 796 
b LPSG: Lepidium perfoliatum seed gum; XG: xanthan gum. 797 

 798 

 799 

 800 

 801 

 802 

LPSG-XG (%) 

 Forward  Backward Hysteresis 

loop area 

(%) 
 kp (Pa.sn) np R2  k′p (Pa.sn) n′p R2 

LPSG0-XG100  22.54 ± 1.86a 0.08 ± 0.01c 0.91  3.51 ± 0.22a 0.38 ± 0.02c 0.98 20.86 

LPSG25-XG75  2.40 ± 0.08b 0.33 ± 0.07b 0.99  0.81 ± 0.04b 0.50 ± 0.05b 0.99 13.74 

LPSG50-XG50  0.91 ± 0.05c 0.44 ± 0.03a 0.99  0.70 ± 0.06c 0.48 ± 0.03b 0.99 4.29 

LPSG75-XG25  0.47 ± 0.02d 0.40 ± 0.06a 0.98  0.10 ± 0.02e 0.64 ± 0.03a 0.99 19.35 

LPSG100-XG0  0.49 ± 0.04d 0.41 ± 0.04a 0.95  0.17 ± 0.03d 0.60 ± 0.05a 0.99 0.88 

LPSG-XG (%)  τ0 (Pa) τeq (Pa) k (s-1) R2 R (%) 

LPSG0-XG100  4.34 ± 0.16a 4.53 ± 0.09a 0.099 ± 0.013a 0.96 80.52 

LPSG25-XG75  2.09 ± 0.10b 2.19 ± 0.06c 0.032 ± 0.008c 0.93 68.54 

LPSG50-XG50  1.88 ± 0.05c 2.73 ± 0.11b 0.029 ± 0.003c 0.99 53.42 

LPSG75-XG25  1.78 ± 0.07c 2.12 ± 0.04c 0.044 ± 0.009b 0.96 42.91 

LPSG100-XG0  1.07 ± 0.04d 1.59 ± 0.04d 0.035 ± 0.006bc 0.95 34.43 



34 

 

 Table 7. The activation energy of complex modulus (Ea), standard Gibbs free energy change 803 

(ΔG°), entropy change (ΔS), enthalpy change (ΔH) calculated for the different ratios of LPSG-804 

XG blends during heating/cooling stages at 25 °C.a  805 

a LPSG: Lepidium perfoliatum seed gum; XG: xanthan gum. 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 

 819 

LPSG-XG (%) Temperature sweep stage Ea (kJ/mol) 
ΔG° 

(J/mol) 

ΔS 
(J/mol.°K) 

ΔH (J/mol) 

LPSG0-XG100 
Heating 19.56 – – – 

Cooling 80.24 – – – 

LPSG25-XG75 
Heating 9.77 3256.56 -0.38 3144.20 

Cooling 44.38 2925.73 -0.56 2759.66 

LPSG50-XG50 
Heating 12.13 1775.23 -0.28 1693.09 

Cooling 15.97 961.89 -0.47 822.47 

LPSG75-XG25 
Heating 16.32 1227.33 -0.23 1159.44 

Cooling 17.63 805.44 -0.36 700.15 

LPSG100-XG0 
Heating 85.57 – – – 

Cooling 61.61 – – – 
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Figures captions  820 

Fig. 1. Impact of various ratios of LPSG on FTIR spectra of LPSG-XG blends; LPSG: Lepidium 821 

perfoliatum seed gum; XG: xanthan gum. 822 

Fig. 2. Strain sweep dependence of storage modulus (G′) and loss modulus (G″) for (a) LPSG 823 

and XG; and (b) LPSG-XG blends, (1 Hz, 25 °C); LPSG: Lepidium perfoliatum seed gum; XG: 824 

xanthan gum. 825 

Fig. 3. Time-independent flow curves for different ratios of LPSG-XG blends; LPSG: Lepidium 826 

perfoliatum seed gum; XG: xanthan gum. 827 

Fig. 4. Frequency dependence of (a) storage modulus (G′); (b) loss modulus (G″); (c) complex 828 

viscosity (η*); and (d) loss tangent (tan δ) for different ratios of LPSG-XG blends (0.50% strain, 829 

25 °C); LPSG: Lepidium perfoliatum seed gum; XG: xanthan gum. 830 

Fig. 5. Influence of various ratios of LPSG on (a) complex viscosity (η*); and (b) storage 831 

modulus (G′) and loss tangent (tan δ) of LPSG-XG blends (1 Hz, 25 °C); LPSG: Lepidium 832 

perfoliatum seed gum; XG: xanthan gum. 833 

Fig. 6. The shear loop test curves obtained for different ratios of LPSG-XG blends (a) LPSG0-834 

XG100, (b) LPSG25-XG75, (c) LPSG50-XG50, (d) LPSG75-XG25, (e) LPSG100-XG0; 835 

Lepidium perfoliatum seed gum; XG: xanthan gum. 836 

Fig. 7. The magnitude of static and dynamic yield stress values obtained for different ratios of 837 

LPSG-XG blends; LPSG: Lepidium perfoliatum seed gum; XG: xanthan gum. 838 

Fig. 8. The Cole-Cole plot of different ratios of LPSG-XG blends; LPSG: Lepidium perfoliatum 839 

seed gum; XG: xanthan gum. 840 

 841 

 842 
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Fig. 2. 856 
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Fig. 4. 
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Fig. 6.
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Fig. 7.  2 

 3 

 4 

 5 

Fig. 8. 6 
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