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Abstract 

 

Legumes, such as pigeon pea (Cajanus cajan), are a group of foods appreciated 

for their nutritional quality. The viscoelastic properties of a spreadable pigeon pea 

paste enriched with vitamins E and C were investigated. The samples tested by 

dynamic viscoelasticity were carried out to characterize the rheological behavior 

of spreadable pastes. The dynamic viscoelastic properties characterized by an 

oscillatory frequency sweep under small deformation conditions showed fluid-like 

viscoelastic with a weak gel-like structure. The additions of antioxidants appear to 

play a decisive role for the viscoelastic properties. The viscoelastic properties are 

very useful in the design and prediction of product stability.  

 

Keywords: Pigeon pea (Cajanus cajan), spreadable paste; viscoelasticity; Cox–

Merz rule 

 

Introduction 
 

Pigeon pea seeds represent a good source of dietary minerals, such as calcium, 

phosphorus, magnesium, iron, sulfur and potassium. The seeds are also a valuable 

source of water-soluble vitamins, especially thiamine, riboflavin, niacin and 

choline [1], and their amino acid profile is similar to soybean. However, pigeon 

pea has a low human food preference, due to its extensive cooking time compared 

to other edible legumes, such as cowpea (Vigna unguiculata) [2]. 
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Among the different products delivering essential nutrients to the body, foods 

fortified with vitamins could be used to meet daily nutritional requirements of 

healthy consumers. The incorporation of vitamins C and E in food systems as a 

functional ingredient is desirable yet challenging for various reasons. Vitamin E, 

or α-tocopherol (the most commonly used form), is the most potent antioxidant 

found in the cellular membrane capable of terminating the propagation of lipid 

peroxidation [3]. Vitamin E is a highly lipophilic compound and, as such, cannot 

be dispersed in aqueous-based food matrices [4]. Also, it is susceptible to 

oxidation and may, therefore, deteriorate during processing and storage [5]. 

Vitamin C (ascorbic acid) is responsible for quenching different types of radicals 

and can regenerate other antioxidants, such as vitamin E and glutathione [6]. 

Considering that consumers base their food choices on the external aspects of the 

products, as well as on the nutritional and functional value, the best formulation of 

a spreadable product would be one that provides acceptable appearance and 

texture [7] but is also a source of antioxidants. Regarding color, a brilliant red is 

associated with “freshness” and “healthiness” as opposed to dark red, which may 

lead to rejection of the product.  

 

The rheological characterization of food is important for the design of unit 

operations, process optimization and high quality product assurance[8], [9]. The 

viscoelastic properties are very useful in the design and prediction of product 

stability. Moreover, viscoelastic products may exhibit interesting behavior such as 

the Weissenberg and Barus effects [8], [10]. Thus the study and description of the 

viscoelastic properties of foods is important for a better understand of their 

behavior during processing, storage and consumption [11]. Then, the aim of this 

study was the characterization on viscoelastic properties of spreadable paste of 

pigeon pea. 

 

Material and Methods 
 

Materials 

Pigeon pea was harvested in the municipality of Arjona, Department of Bolivar 

(Colombia) and transported to the laboratory of complex fluid engineering and 

food rheology (IFCRA) at Cartagena University (Cartagena de Indias, Colombia). 

Pigeon pea was selected according to size, shape and color uniformity. Soy 

lecithin (emulsifier 322), ascorbic acid and α-tocopherol were purchased from 

Tecnas SA (Medellin, Colombia). Margarine, salt, sugar, sodium benzoate and 

spices, including garlic, pepper and oregano, were used for formulating the 

spreadable paste and obtained from a local commercial distributor. All other 

reagents were of analytical grade and used as received. 

 

Standardization of spreadable paste  

Eight types of SPPP were formulated with different concentrations of margarine, 

lecithin and antioxidants as the processing variables: percentage of margarine 

(10–20%, w/w), lecithin (0.5–1.0%, w/w), ascorbic acid (0.5–1.0%, w/w) and α- 
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tocopherol (0.5–1.0%, w/w), and a constant amount of salt (1%, w/w), sugar (5%, 

w/w), sodium benzoate (0.5%, w/w) and spices, including garlic, pepper and 

oregano (0.5%, w/w), as shown in Table 1. Pigeon pea seeds were washed and 

soaked for 8 h. Afterward, the seeds were pasteurized by immersion in boiling 

water in a conventional pot at 95 °C for 50 min, to inactivate microorganisms and 

enzymes, and to facilitate the milling operation. The milling was done using an 

electrical mill (Cuisinart Prata Dbm-8), and the resultant powder was sieved to 

separate the epidermis. The pulp was mixed in a K45SS classic stand mixer 

(Kitchen Aid) with the margarine, soy lecithin, ascorbic acid, α-tocopherol, salt, 

sugar, sodium benzoate, garlic, pepper and oregano. Next, the mixture was 

homogenized at 10000 rpm for 10 min using a rotor-stator Ultra-Turrax T-10 (Ika, 

Deutschland, Germany), obtaining a spreadable product with consistency 

viscosity. Finally, the paste was packed in hermetically sealed plastic containers 

and stored under refrigeration at 4 °C for 48 h, for further analysis. 

 

 

Table 1. Formulations of spreadable paste of pigeon pea (Cajanus cajan) – SPPP 

 

Samples 

Pigeon pea: 

Margarine  

(Ratio w/w) 

Lecithin 

 (% w/w) 

Ascorbic acid 

(% w/w) 

Alpha tocopherol 

(% w/w) 

F1 8:2 1.0 1.0 1.0 

F2 9:1 0.5 1.0 1.0 

F3 8:2 0.5 1.0 1.0 

F4 9:1 1.0 0.5 0.5 

F5 9:1 1.0 1.0 1.0 

F6 8:2 1.0 0.5 0.5 

F7 8:2 0.5 0.5 0.5 

F8 9:1 0.5 0.5 0.5 

5% of sugar, 1% of salt, 0.5% of Sodium benzoate; 0.75 of Spices 

 

 

Rheological measurements  

 

The rheological characterization of SPPPs were doing following the methodology 

describe by Quintana et al, 2018 [12] using a controlled-stress rheometer 

(Modular Advanced Rheometer System Mars 60, Haake, Thermo-Scientific, 

Germany), equipped with Peltier temperature control and measuring system, using 

a stainless steel plate-plate geometry (Ø 35 mm) with 1 mm gap [13]. 

Measurements were made in triplicate for each sample and conditions. The pigeon 

pea samples were loaded on the inset plate and left to rest at 25 ± 0.1 °C for 10 

min, for structure recovery. For the dynamic oscillatory trials, a strain amplitude 

sweep test from 0.01 to 1000 Pa at a fixed frequency of 1 Hz was initially 

performed to establish the linear viscoelastic regimen. Then, the frequency sweep 
tests, from 0.01 to 100 rad·s-1 were conducted, selecting a value of stress well within 
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the linear range. The viscoelastic parameters obtained were storage modulus (G'), 

loss modulus (G'') tangential phase angle (tan δ) and complex viscosity (|η*|). 

 

Results and Discussion 
 

Rheological characteristics – stress and frequency sweeps  

 

The linear viscoelastic region of all samples was identified by stress sweep 

experiments, to achieve reliable results. In this region, both G′ and G′′ are strain 

independent at a constant angular frequency, 𝜔. Furthermore, G′ was greater than 

G′′, implying the pulps presented a more elastic than viscous behavior. The 

samples presented the linear viscoelastic region in the range of 1.0–40.0 Pa at a 

constant frequency of 1 Hz, where a stress of 10 Pa was established as suitable to 

carry out the frequency sweep. All frequency sweeps were performed within the 

linear viscoelastic region. The mechanical spectra obtained from the frequency 

sweep test of the spreadable pastes are shown in Figure 1. In this test, the relative 

elastic/viscous nature of the product is determined. When G′ > G″, the food 

exhibits a typical semi-solid behavior, which means that it will be more elastic 

than viscous, which is typical gel behavior. When G′ = G″, the food material will 

behave like a concentrated solution. In all instances, G′ > G′′ was evidenced over 

the range of oscillation frequencies studied. Hence, elastic properties dominated 

over the viscous one and, consequently, the product can be classified as a weak 

gel [37,38]. 

 

The spreadable paste showed remarkably high elasticity, revealing a strong 

intermolecular network was formed at the interface. The behavior of G′ and G′′ 

for the frequency sweep data may be related to variability in the molecular weight, 

composition and the hydrodynamic diameter of the particle. It could also be due to 

frequency-related disruption of the interchange structure, resulting in a weakening 

of the structure to the point where flow was induced [17]. However, some 

differences were observed in the extent of the plateau region in the frequency 

range studied. These discrepancies depended on the proportion of the emulsifying 

agent used. Among the formulations, those with 0.5% soy lecithin (F2, F3, F7 and 

F8) showed higher G' and G" over the entire frequency range, including a 

viscoelastic solid behavior with a gel-like structure [18], indicating the proximity 

of the transition region (F1, F4, F5 and F6) in the mechanical spectrum and in 

these F8 with a higher elastic modulus than others due to the low  concentration of 

margarine and antioxidants. Formulations with 1% soy lecithin had lower G′ and 

G′′ than those with 0.5% emulsifier and the plateau region was slightly wider. 

Formulation F1, which displayed the lowest values of G′ and G′′, contained the 

highest proportions of margarine and antioxidants. 
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Figure 1. Storage modulus G’ and loss modulus G’’ for spreadable paste of pigeon 

pea (Cajanus cajan) - SPPP at 25ºC 
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For the various spreadable paste formulations, G′ and G′′ decreased with 

increasing concentration of lecithin in the samples. This result can be attributed to 

lecithin-protein hydrophobic interactions and weakened protein intermolecular 

interactions at the interface, leading to loosening of the adsorbed layer structure, 

thereby reducing the viscoelastic properties [19]. Similar results were observed by 

Chen and Dickinson [20], who investigated the effect of Tween 20 on the 

viscoelastic properties of a whey protein isolated emulsion and emulsions 

stabilized with lecithin and whey protein [21]. According to Bosmuler et al. [18], 

the mechanical spectrum of a stable emulsion with a high internal strength shows 

G' > G" and both modules must be almost parallel. The difference in the 

mechanical properties of the emulsions studied was probably related to the 

concentration of the added emulsifier. Overall, the paste formulated with 0.5% 

soy lecithin showed an increased G' and G'' with lower levels of the other two 

determinants (margarine and antioxidants) (Figure 2), Namely, a lower amount of 

margarine, soy lecithin and antioxidants give a high value of the modulus of 

elasticity to the SPPP. This behavior is indicative of the strong particle-particle 

interaction or a stabilized network-type structure. 

 

Tangent of the phase angle δ (tan δ) and |η*| 

Tan δ, which is defined as 
𝐺′′

𝐺′
, is a dimensionless measure that compares the 

amount of energy lost during an oscillatory test with the amount of energy stored  
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during this period, and indicates whether an elastic or viscous property 

predominates [22].  

 

Figure 2. Tangent of the phase angle for spreadable paste of pigeon pea (Cajanus 

cajan) -  SPPP at 25ºC. 
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Figure 2 shows that as a function of frequency, the tan δ values of the eight SPPP 

formulations slightly increased, whereas, increasing the frequency also marginally 

increased the tan δ value, confirming the predominance of elastic properties. The 

higher the emulsifier and margarine content (sample F1), the higher the tan δ 

value. On the other hand, a higher content of pigeon pea but lower percentages of 

emulsifier and margarine (sample F2) resulted in the lowest tan δ values, 

reflecting the predominance of elastic properties. Figure 3 illustrates the decrease 

in the absolute |η*| magnitudes for the various SPPP formulations at 25 °C, as a 

function of the frequency. Formulations containing a higher pigeon pea amount 

also had a higher |η*|, as a result of a more compact structure. Thus, among the 

SPPPs, samples F2 and F8, with lower contents of the three evaluated factors 

(emulsifier, margarine and antioxidants) exhibited higher |η*| while, in contrast, 

samples F1 and F3, containing a higher percentage of margarine, emulsifier and 

antioxidants, the |η*| was lower. 

 

Applicability of the Cox–Merz rule  

The Cox–Merz rule, provided in Equation (1), is applied to correlate dynamic and 

steady shear properties of the solutions. Also, it enables the magnitude of |η*| and 

η to be compared at equal values of �̇� and 𝜔 [44,45]. 
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𝜂∗ = 𝜂(�̇�)|𝜔=�̇�               (1) 

 

This rule has been studied for many polymers, solutions and complex food 

systems [46–48]. To examine the applicability of the Cox–Merz rule, the 𝜂 and 

|η*| of the SPPPs were plotted against �̇� and ω, respectively.  

 

Figure 3. Comparison of oscillatory and continuous shear viscosity of spreadable 

paste of pigeon pea (Cajanus cajan) - SPPP at 25ºC 
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However, the Cox–Merz rule was not applicable to the SPPPs because the 

magnitudes of |η*| were higher than 𝜂. The non-fitting of the Cox–Merz rule for 

complex dispersions is attributed to the presence of high-density entanglements or 

to the development of structure and intermolecular aggregation in solution [27]. 

Similarly, in prior investigations, the Cox–Merz rule was not applicable in 

commercial tomato ketchup samples [28], ketchup–processed cheese mixtures 

[29] and mango jam [30].  

 

Conclusions 
 

The SPPP (C. cajan) products were formulated, using soy lecithin as an 

emulsifying and stabilizing agent, with the addition of vitamins C (ascorbic acid) 

and E (-tocopherol) as natural antioxidants. According to the dynamic 

viscoelastic tests, the formulations represent viscoelastic materials that are more 

elastic than viscous, over the frequency range studied. Moreover, the Cox–Merz  
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rule was not applicable to describe the rheological properties of the spreadable 

pastes, because the |η*| was higher than the η at steady state.  The knowledge of 

the viscoelastic properties of foods is important for a better understand of their 

behavior during processing, storage and consumption. 
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