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Abstract:  Chickpea proteins are used as ingredients in comminuted 
sausage products and many oriental textured foods. Rheological behaviour 
of chickpea protein concentrate was studied using a controlled stress 
rheometer. The protein dispersion prepared with phosphate buffer at pH 7.0 
presented non-Newtonian shear thinning behaviour and rheological data 
well fitted to the Sisko, Carreau and Cross models. The viscoelastic 
properties of the chickpea protein suspensions were estimated by measuring 
the storage and loss moduli in oscillatory frequency conditions (0.1-10 Hz) 
at 20°C. Moreover, thermally induced gelation of the chickpea proteins (16, 
24 and 36%) was studied at pH 7.0 and 4.5 in the temperature range 50 to 
100oC and salt concentration ranging from 0 to 1 M. Gelling behaviour was 
quantified by means of dynamic rheological measurements. Gels formation 
was preceded by the decrease of storage modulus and loss moduli, coupled 
with the increase of the phase angle (delta). The beginning of thermal 
gelation was influenced by protein concentration, pH and salt level. In all 
studied cases, storage modulus increased rapidly in the temperature range 
70-90°C. All rheological parameters measured at 90°C were significantly 
higher at pH 4.5 compared to pH 7.0.  
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INTRODUCTION 
 
Chickpea (Cicer arientum L.) is an annual legume cultivated mainly for human 
consumption. Chickpea is grown mostly in West Asia and Mediterranean region [1 - 6], 
India (65%), Turkey (6.7%), Pakistan (7.5%) and Mexico being the most important 
producers and exporters in the world [7]. 
Chickpea is rich in proteins (18-25%) [8], with high biological value due to the 
equilibrated amino-acids composition, to their high biological availability and relatively 
reduced content of antinutritional factors [9 - 10]. Several papers [2, 5, 11, 12] report 
chemical composition and functional properties (emulsifying capability, solubility and 
deionised water adsorption properties at pH 7.0) of chickpea protein isolates and 
recommend their use at industrial scale as functional ingredients in different foodstuff 
(cheese, bakery, meat products, creams, etc). 
Functional properties and rheological behaviour of chickpea protein isolates and 
concentrates, generally, give indications about composition, structure, denaturation and 
aggregation degree of their major component legumin and vicilin. Protein gelling is an 
important functional property that recommend protein ingredients to be used in 
comminuted sausage products and many oriental textured foods, e.g. tofu [13]. Gels 
properties can be characterised by monitoring rheological properties such as viscosity, 
plasticity, and elasticity. 
The aim of the present paper was to study the rheological behaviour of the dispersions 
based on chickpea protein concentrate. Different protein concentrations were 
investigated as well as the influence of pH and salt concentration when running 
temperature sweep tests. 
 
 
MATERIALS AND METHODS 
 
Materials 
 
The chickpea was purchased in a local vegetable market, Galati, Romania. All 
chemicals used were of analytical grade 
 
Preparation of protein concentrate 
  
Chickpea protein concentrate was obtained starting from defatted chickpea flour. Since 
most of the chickpea proteins are soluble at pH > 9.0, the pH of the defatted flour was 
fixed to 10.5 with NaOH 2N. Starch and fiber fractions were separated from the alkaline 
dispersion by centrifugation at 3000 rpm for 20 min at 4°C. The supernatant containing 
all soluble proteins was collected and used for recovering the protein fraction by means 
of isoelectric precipitation method. After adjusting the pH to 4.5 with HCl 2N, the 
precipitated proteins were separated by centrifugation at 3000 rpm for 20 min at 4°C. 
The precipitate was washed three times with distilled water with pH 7.0 to remove any 
potential contaminants and was dried on an Alpha 1-4 LD plus lyophilizator from 
Christ. Before drying, the samples were first frozen at -48°C for 42 hours in an ultra-
freezer Platinum 500. 
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Proximate composition and pH 
 
The moisture, protein and ash contents of the chickpea protein concentrate were 
determined according to standard AOAC methods [14]. The crude fat content was 
determined by AOAC method 991.36 [15], while the fiber and polysaccharide content 
was estimated as difference by knowing the other components. All determinations were 
made in triplicate. 
pH measurements were made according to AOAC [16]. The pH values were measured 
at 22 ± 1°C on 10% (w/v) protein solution by means of a Hanna digital pH-meter.  
 
Determination of least gelation concentration 
 
Gelation property of the chickpea protein concentrate was investigated using the method 
described in [17], which was slightly modified. Sample suspensions of 8-24% were 
prepared in test tubes by mixing for 20 min the chickpea protein concentrate with 
phosphate buffer (pH 7.0). The test tubes were then heated in water bath at 90°C for 30 
min, followed by rapid cooling in an ice bath. The test tubes were further stored 
overnight at 4°C. The least gelation concentration was determined as the concentration 
when the sample from the inverted test tube did not slip or fall. 
 
Preparation of chickpea protein suspension for rheological measurements 
 
Rheological measurements were carried out on protein suspensions (16, 24 and 32%) 
prepared in phosphate buffer using a magnetic stirrer for 20 min at room temperature. 
The protein concentrations were chosen taking into account the least gelation 
concentration and the hydration ratios of the protein derivates usually used in meat 
industry (1 kg of protein concentrate to 2.5-3 kg water). The chickpea protein behaviour 
was investigated at pH 7.0 and 4.5; the pH was adjusted using HCl 0.1N. The salt effect 
on the rheological properties of chickpea protein suspensions was studied by replacing 
distilled water with various salt concentrations (0.2, 0.5 and 1.0 M). Before rheological 
tests, all protein suspensions were stored overnight at 4°C to allow a better hydration 
and avoid endogenous enzyme activity.  
 
Rheological measurements 
 
Rheological measurements were carried out in triplicate using a controlled-stress 
rheometer (AR 2000, TA Instruments, New Castle, DE) attached with computer control 
software (Rheology Advantage Data Analysis Program, TA, New Castle, DE). The 
temperature was maintained at 4°C using the Peltier temperature control system. All 
dynamic oscillatory and steady-shear rheological measurements were done using a 40 
mm 2° steel cone plate geometry and a gap of 1000 μm was used. For each test, 
approximately 2 g of protein suspension was poured on the bottom plate of the 
rheometer.  
 
The controlled shear-rate measurement technique was employed by progressively 
increasing the shear-rate from 0.1 up to 100 s-1 and decreasing it to obtain shear-rate vs. 
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viscosity data. All rheological measurements were carried out in triplicates at constant 
temperature of 4°C. 
The shear rate vs. viscosity data were fitted to rheological models such as power law, 
Herschel-Bulkley, Casson, Bingham, Sisko, Carreau, and Cross equation. The best fit 
model was selected on the basis of standard error.  
 
Frequency sweeps are oscillatory tests performed at variable frequencies, keeping the 
amplitude (and also temperature) at a constant value. This test was conducted by 
applying a constant sinusoidal strain of 0.05% within the linear region, over a frequency 
range between 0.1 - 10 Hz. This range of frequencies is suitable for determining the 
viscoelastic behaviour of cross-linked polymers [18 - 20], and also of proteins gels [21 - 
24]. The storage modulus (G’), loss modulus (G”) and delta were recorded as function 
of frequency.  
 
Temperature sweep tests were performed by heating at 1°C/min the 16, 24 and 36% 
chickpea protein suspensions from 50 to 100°C. In order to test the influence of pH (4.5 
and 7.0) and NaCl concentration (0; 0.2; 0.5; and 1M) the rheological measurements 
were done in the temperature range 5 to 80°C. The frequency was 0.05 Hz while the 
angular frequency was 0.3142 rad/s.  
Both temperature and frequency sweep tests were done at oscillatory stress of 0.5964 Pa 
within the linear viscoelastic region as assessed by stress sweep experiments. 
 
Statistical analysis  
 
Statistical analysis was carried out using Sigma Plot 2001/Statistiques Data Software. 
Each experiment was carried out in triplicate and the results are reported as mean 
values.  
 
 
RESULTS AND DISCUSSION 
 
Proximate chemical analysis of the chickpea protein concentrate 
 
The results of chemical analysis showed that the chickpea protein concentrate had 81.26 
± 3.17% protein, 1.55 ± 0.05% fat, 4.15 ± 0.18% water and 2.75 ± 0.08% ash. The ash 
content of the chickpea protein concentrate was very high compared to the lupin protein 
concentrate (0.71%) as reported in [17]. Due to the chickpea protein concentrate 
refinement, the level of total polysaccharides, represented by starch and fibers, was 
about 10.29%, comparable to other protein concentrates [25]. 
 
Rheological behaviour of the chickpea protein concentrates 
 
The capacity of vegetal proteins to form three-dimensional networks sequestering water 
and other ingredients (polysaccharides and aromas) is one of the most important 
functional properties that justify protein derivates applications in food industry [13]. 
Protein gels are characterized by rather high viscosity, plasticity and elasticity. 
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Rheological measurements are frequently employed to evaluate some functional 
properties (gelling, thickening) of the food-grade proteins and to predict mouth feel. 
In order to study the viscosity, shear thinning behaviour and the capacity of the 
chickpea protein concentrate to form gels or viscous paste, dynamic tests were carried 
out. Different chickpea protein concentrations, pH and ionic strength were tested. 
 
Shear thinning rheology 
 
The least gelation concentration tests showed that 16% is the lowest protein 
concentration that allows gel forming and all rheological tests were carried out on 
protein suspensions with higher concentrations (16, 24, 32%) prepared in phosphate pH 
7.0. The measurements were done at 4°C to resemble the processing temperature of the 
meat products supplemented with proteins derivates, by varying the shear rate from 0.1 
to 100 s-1. The viscosity – shear rate rheogram presented in Figure 1 shows that, 
chickpea protein suspension exhibits shear thinning behavior characterized by viscosity 
decrease when shear rate increases.  
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Figure 1. Viscosity-shear rate rheogram of the 32% chickpea protein suspension 

 
The flow curves were evaluated using the rheological models Herschel-Bulkley, power 
law, Bingham, Casson, Sisko, Cross and the quality of the fits was established based on 
standard error values. The Sisko, Cross and Carreau models proved to give the best fits 
to the flow curves of the chickpea protein suspensions. As shown in Figure 1, Cross and 
Carreau models are nearly overlapping; the values of the rheological parameters of the 
two models are very similar (Table 1). The other rheological models gave poor fits 
depending on protein concentration.  
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Cross and Carreau models allow to estimate the maximum viscosity corresponding to 
zero shear rate [26] and in all cases the results obtained (Table 1) are in agreement with 
the viscosity measured at a shear rate of 0.1 s-1 (4544, 1372 and 49.93 Pa·s for chickpea 
protein concentrations of 32, 24 and 16%, respectively). The infinite-rate viscosity was 
estimated in all cases and the results were influenced by the applied rheological model 
and the concentration of the chickpea protein suspension (Table 1). The consistency 
estimated through Sisko model was significantly higher with respect to Cross and 
Carreau models; the consistency values from the latter models were similar and 
decreased when increasing the protein concentration from 16 to 32%.  
 

Table 1. Rheological parameters of the chickpea protein suspension 
Rheological models Rheological parameters 

Sisko Cross Carreau 
Protein concentrate suspension 16% 
Zero-rate viscosity, Pa·s - 60.51 50.96 
Infinite-rate viscosity, Pa·s 7.734·10-9 0.1201 0.0959 
Consistency, s 12.61 2.077 2.122 
Rate-index 0.2821 0.9852 0.9371 
Standard error 27.02 1.559 2.060 
Area under the curve, s-1·Pa·s 240.5 
Protein concentrate suspension 24% 
Zero-rate viscosity, Pa.s - 1843 1447 
Infinite-rate viscosity, Pa.s 3.002·10-7 0.8516 0.7847 
Consistency, s 223.5 3.750 3.223 
Rate-index 0.1146 1.096 1.079 
Standard error 20.64 10.87 10.68 
Area under the curve, s-1·Pa·s 4680.0 
Protein concentrate suspension 32% 
Zero-rate viscosity, Pa·s - 4835 4599 
Infinite-rate viscosity, Pa·s 6.199·10-7 6.455·10-5 3.761·10-6 

Consistency, s 647.6 1.504 1.509 
Rate-index 2.171·10-4 1.380 1.368 
Standard error 67.65 56.65 56.69 
Area under the curve, s-1·Pa·s 14800.0 

 
In Figure 2 is presented the viscosity-shear rate relationship for different chickpea 
protein concentrations. For shear rates ranging from 10.09 to 95.10 s-1 the viscosity was 
significantly higher for more concentrated protein suspensions (32%), when higher 
particles density caused a more accentuated internal friction. The differences between 
protein suspensions in terms of viscosity are very obvious for lower shear rates (10.09 – 
25.05 s-1) and less important when the viscosity moderately decreases with the shear 
rate increase from 25.0 to 75.09 s-1. In all studied cases a plateau of minimum 
viscosities was reached for shear rates of 75.09 – 99.76 s-1, varying with the protein 
concentration. Molecular aggregates destruction and proteins’ tendency to align their 
backbone with the flowing direction due to the shearing forces are responsible for the 
thinning behaviour of the analyzed protein suspensions. The shear thinning behaviour is 
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very important in the industrial processing during the mixing step, transport through 
tubes and for choosing the appropriate design of the transport pumps.  
The viscosity of the chickpea protein suspensions was recorded at increasing and 
decreasing shear rates (upward and downward flow curve) allowing to identify the 
hysteresis loop. The upward-downward flow curves do not overlap due to the partial 
reconstruction of the protein structure when decreasing the shear rate. 
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Figure 2.  Viscosity vs. shear rate rheogram for different concentrations of the 

protein concentrate suspension (frequency 1 Hz, temperature 4°C) 
 
Oscillatory frequency sweep tests 
 
Viscoelastic properties of the chickpea protein suspensions with pH 7.0 were estimated 
by measuring the storage modulus (G’ is a measure of stored energy) and loss modulus 
(G’’ is a measure of dissipated energy) in oscillatory frequency conditions (0.1-10 Hz) 
at 20°C. The oscillatory frequency sweep tests in the linear viscoelatic domain indicate 
that storage and loss moduli are influenced by the protein concentration. G’ and G” had 
an increasing trend for the entire frequency domain (Figure 3). Moreover, G’ and G” 
increased with the protein concentration. In case of all chickpea protein suspensions 
(16%, 24% and 32%) with pH 7.0, G’ values were significantly higher compared to G”. 
The more accentuate increase of the G’ suggests an improvement of the elastic 
component of the protein suspensions, coupled with the flexibility loss, when the 
structure became more rigid. The plots presented in Figure 3 indicate that, for low 
protein concentrations, G’ and G”, respectively exhibit plateaus in the range 3-10 Hz. 
The increase of both G’ and G” with the frequency suggests continuum modifications 
of viscoelastic properties of the chickpea protein suspensions, coupled with the energy 
storage into the system.   
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Temperature sweep tests 
 
Most of the common food products are based on protein gels formed through thermal 
treatment that involves partial denaturation of the native polypeptide chains [27] 
followed by their gradual association into the gel network in appropriate 
thermodynamic conditions. The transformation of colloidal suspensions into three-
dimensional network comes together with physico-chemical modifications that can be 
tracked using different techniques. We used the dynamic tests to examine rheological 
behaviour of the chickpea protein suspensions as a function of temperature. Molecular 
transformations and chemical forces involved in structure formation and destruction 
during heating were estimated through the evolution of G’, G” and phase angle (delta).  
The tests were carried out on 16, 24 and 32% chickpea protein suspensions with pH 7.0 
at a frequency of 0.05 Hz; the temperature was increased from 50 to 100°C. The lower 
limit of the temperature range was chosen based on preliminary tests that showed no 
significant modifications of the rheological parameters at lower temperatures.  
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Figure 3. Evolution of storage (a) and loss (b) moduli with frequency for different 
protein concentrations 

 
As depicted in Figure 4a, the 16% protein suspension is characterized by insignificant 
increase of G’ and G” moduli in the temperature range 50-73.7°C, followed by 
moderate increase in 75-91.4°C and a sudden increase at temperatures higher than 
91.4°C. This behaviour agrees with previous experimental works indicating the 90°C as 
the denaturation temperature of most vegetable proteins. For the whole studied 
temperature range the G’ modulus had rather high values compared to G” modulus 
indicating a slight prevalence of the viscous component on the elastic one. The phase 
angle δ decreased for the whole studied temperature range. Delta values lower than 45° 
indicate the fluid nature of the analyzed protein suspensions.  
A similar behavior was noticed in case of the 24% chickpea protein suspensions, when 
G’ and G’’ moduli were substantially higher (results not shown). In the 71-100°C 
temperature range the chickpea proteins were progressively denaturated, most of the 
energy being stored and only a small part dissipated (G’ > G”).  
In case of the 32% chickpea protein suspensions, important differences between G’ and 
G’’ values were found mostly for the temperatures over 51°C (Figure 4b). The very 
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high values of G’ compared to G’’ indicate that the protein suspensions behave like 
solids, when deformations are essentially elastic or recoverable.  
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Figure 4. Evolution of storage modulus, loss modulus and delta angle with 
temperature for protein suspensions of 16% (a) and 32% (b) 

 
Influence of NaCl 
 
Salt is frequently used as food ingredient for its multiple roles. Salt helps myofibrillar 
proteins solubilisation in case of the minced meat-based products, has a plasticizing 
effect on the wheat dough and reduces glass transition temperature. 
In order to study the influence of the pH and ionic strength on the chickpea protein gel 
formation and gel properties, the rheological parameters of the samples with pH 7.0 and 
4.5 and salt concentrations of 0.2, 0.5 and 1 M were evaluated in the temperature range 
6-80°C.  
The evolution of the rheological parameters G’, G”, and delta corresponding to the 
chickpea protein suspensions with pH 7.0 are presented in Figure 5. In case of the 
chickpea protein suspensions with NaCl, the G’ vs. temperature curves presented three 
different domains. The first one is between 6 and 58.7°C and is characterized by a 
continuum decrease of G’ values, indicating proteins denaturation and energy storage. 
In the 58.7-65.2°C range, a slight increase of G’ was noticed, indicating the beginning 
of sol-gel transition. The temperature domain over 65.2°C was characterized by a 
sudden increase of the storage modulus until 80°C and protein suspension conversion to 
high viscous gels. The loss modulus (G”) had a similar patter but lower values 
compared to G’. Since in the given experimental conditions the G’ and G” do not 
crossover, was not possible to establish the gelling temperature [28]. A different 
behaviour of delta was noticed, compared to storage and loss moduli. A plateau of 
maximum delta values was obtained for 53.4 – 60.9°C followed by a sudden decrease. 
Maximum gelling occurs when tan δ remains constant or decreases [29]. 
The quaternary structure of the protein seems to be stabilized by 0.2M salt, and the lack 
of molecular expansion results in a less viscous protein system [30]. In case of the high 
ionic strength continuum phase, the globulins that represent 62.7% of the chickpea 
proteins [31] were better solubilised and determined a slight decrease of G’ and G” 
moduli (Figure 5). Concerning the sample with 0.2M NaCl, for extreme temperatures, 
the G’ and G” moduli were lower compared to the blank sample: at 5°C the G’ and G” 
were 188.4 and 55.26 Pa for the sample with 0.2M NaCl compared to 210.2 and 81.47 
Pa for the blank sample, while at 80°C the G’ and G” were 96.5 and 20.61 Pa, for the 
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sample with 0.2M NaCl, compared to 177.8 and 39.67 Pa for the blank sample; the delta 
values at 80°C were 12.05 for the sample with NaCl and 12.35 for the blank sample. 
G’ decreases in the temperature range 6-53.4°C, remains constant until 63°C and 
afterwards increases (the increase is smaller than the blank sample). In the protein 
systems with 0.2M NaCl, the G” values are smaller compared to G’. The difference 
between the two moduli in the gelling temperature range was significantly higher 
compared to the blank sample. The high solubility of the protein reduces the protein 
aggregation and gels rigidity [32]. 
The increase of NaCl concentration up to 0.5 and 1 M influences the rheological 
properties of the chickpea protein dispersions. The trend of the curves indicating the 
rheological parameters as function of temperature is significantly different compared to 
the sample with 0.2M NaCl and blank sample (Figure 5). The G’ modulus decreases 
first to 99.8 Pa at 45.8°C in case of the sample with 0.5M NaCl and to 47.9 Pa at 44.7°C 
in case of the sample with 1.0 M NaCl, and afterwards increases. The salt concentration 
increase causes the decrease of the gelling temperature plateau to 41.5 – 47.9°C (sample 
with 0.5M NaCl) and 41.5 – 49°C (sample with 1M NaCl), compared to 54.4-63oC 
(sample with 0.2M NaCl) and 55.5-58.7oC (blank sample). A similar evolution was 
noticed in case of G” witch had lower values compared to G’. The delta values 
decreased for all samples with NaCl indicating the tendency to form gel networks 
similar to the solid state structures.  
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Figure 5. Evolution of storage modulus, loss modulus and delta angle with 

temperature for protein suspensions of  24 %, pH 7.0 (a), supplemented with 0.2 M 
NaCl (b), 0.5 M NaCl (c) and 1.0 M NaCl (d) 
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Salt concentrations higher than 0.2M improve rheological properties of the samples 
with pH 7.0 at thermal treatment, when behave like gels with prevalent elastic modulus. 
When the salt concentration is high (higher than 0.2M) the water molecules are attracted 
by the salt ions causing protein dehydration and solubility decrease due to the inter-
protein hydrophobic interactions.  
Similar effects of NaCl addition was noticed in case of the samples with pH 4.5 when 
the G’ and G” moduli increased with the salt concentration (Figures 6). The blank 
sample (pH 4.5) behaved like protein solutions with extremely low elastic and viscous 
components [18 - 19]; the G’ was lower than G” until 55.5°C which is cross-over point, 
also considered as gelling temperature (Figure 6). 
In case of the samples with 0.2 and 0.5 M NaCl (pH 4.5), the G’ and G” moduli 
increased for the whole temperature range compared to the blank sample. This 
behaviour is due to the salting-in effect when the protein solubility increases as a 
consequence of pH 4.5 combined with the ionic strength up to 0.5M NaCl. For higher 
salt concentration (1M) the G’ and G” moduli are smaller as a consequence of the 
salting-out effect when the protein solubility is decreased. 
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Figure 6.  Evolution of storage modulus, loss modulus and delta angle with 

temperature for protein suspensions of  24 %, pH 4.5 (a), supplemented with 0.2M 
NaCl (b), 0.5M NaCl (c) and 1.0M NaCl (d) 

 
The stiffness of the gels was influenced by pH and salt concentration, being higher at 
90°C for pH 4.5 compared to pH 7.0 (Figures 5, 6). Proteins association and 
dissociation during heating depend on pH and salt concentration. At pH 4.5, close to 
isoelectric point, the proteins precipitate and are highly networked, while at pH 7.0 the 
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protein gel is less rigid since the proteins are better soluble. Our results are in agreement 
with the observations of Puppo et al. [21], who showed that pH and ionic strength 
influence the gelling properties of soy globular proteins.  
 
 
CONCLUSIONS 
 
Rheological properties of chickpea protein concentrate were investigated by conducting 
two types of tests: flow tests and dynamic tests. The chickpea protein concentrate 
presented non-newtonian shear thinning behavior and the rheology during upward 
shearing can be well described by Sisko, Carreau and Cross models. The oscillatory 
frequency sweep tests in the linear viscoelatic domain indicated increasing G’ and G” 
moduli for the entire frequency domain (0.1-10 Hz) at 20°C. Concerning thermal 
rheological studies of the chickpea proteins (16, 24 and 36%), our results indicate that 
gels formation was highly influenced by protein concentration, pH and NaCl 
concentration. 
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