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ABSTRACT 
 

Gluten is composed of monomeric gliadins and polymeric glutenins 
and is considered to be the main source of the viscoelastic properties of 
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wheat dough. The United Nations declared that 2016 is the International 
Year of Pulses. Owing to their amino acid composition and fiber content, 
pulse flours are ideal ingredients for improving the nutritional value of 
sweet baked products. The effect on rheological properties of muffin 
batter of replacing wheat flour (WF) with chickpea flour (CF) was 
studied by using oscillatory (including gelatinization kinetics), creep and 
recovery, and steady-state shear (considering time dependence) tests. CF 
was used to replace WF in the batter partially (25, 50, 75% w/w) or 
totally (100% w/w, i.e., CF-based gluten-free muffin batter), and 
compared with a control made only with gluten (100%WF batter). 
100%WF batter, with higher structural stability on short time scales, can 
be characterized as a weak gel, while batters with partial and total WF 
replacement presented a weaker structure. However, batters with 0 and 
100% replacement levels (gluten and free-gluten batters, respectively) 
had similar gel points. Zero-order reaction kinetics described the batter 
gelatinization process well, with activation energies ranging between 
113.43 and 204.38 kJ mol–1. The lower activation energy (113.43 kJ mol–

1) of 100%WF batter implies that it was more favorable for gelatinization. 
Creep and recovery tests showed that the gluten WF batter had the lowest 
compliances during creep and recovery stages meaning that gluten batter 
was denser and most time-stable than the CF-based batters. Under 
viscous shear flow, 100%WF batter was the most thixotropic, with the 
lowest viscosity recovery percentage and resistance to flow, the longest 
rebuild time, and the highest fluidity. Therefore, elasticity, extent of 
thixotropy, and rebuild time (from viscosity measurements) decreased 
significantly with increase in WF replacement level. Steady flow data 
fitted the Herschel–Bulkley model well. Complex and apparent 
viscosities failed to follow the Cox–Merz rule. 
 

Keywords: gluten, wheat flour, gluten-free, chickpea flour, muffin batter, 
viscoelasticity, creep-recovery, thixotropy, microstructure 
 
 

INTRODUCTION 
 
A muffin batter may well be defined as a “cellular system” [1], in which 

the continuous semi-solid matrix formed by a complex fat-in-water emulsion 
could be considered a multi-phase system containing ungelatinized starch 
granules, oil droplets, proteins, sucrose, etc. Moreover, those “cells” are filled 
with air bubbles as the discontinuous phase. In turn, baked muffins are 
characterized by a typical alveolar-porous structure and high volume, which 
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give a spongy texture. To obtain this final structure, a stable semi-solid matrix 
lodging many tiny air bubbles is required [2]. 

Traditionally, a muffin recipe is mainly composed of WF, sucrose, 
vegetable oil, egg, and milk [3]. For this reason, people with celiac disease are 
unable to consume this type of baked product. In recent years, there has been 
extensive research for the development of gluten-free bakery products. 
Nevertheless, the manufacture of baked products without gluten presents 
bakers with major technological problems. In fact, many gluten-free products 
available on the market are often of poor technological quality, exhibiting low 
volume, poor color, and crumbling crumb, as well as great variation in nutrient 
composition, with low protein and high fat contents [4], particularly when 
compared with their wheat counterparts [5]. Commercially manufactured 
gluten-free muffins should aim to resemble those made from WF, overcoming 
problems of quality defects and low nutritional value. 

Most of gluten -free muffin, cake, or cupcake recipes contain rice flour as 
the principal ingredient, or other starch sources, such as rice, corn, potato, and 
sorghum [6]. Additionally, the incorporation of dairy proteins has long been 
established in the bakery industry, and legumes such as soybean can also be 
good supplements for cereal-based foods because they increase the protein 
content and complement the nutritional value of cereal proteins [5]. 
Nevertheless, other legumes are rich sources of protein throughout the world 
and contain approximately three times more protein than cereals. Chickpea 
(Cicer arietinum L.) is one of the top five important legumes on the basis of 
whole grain production [7]. The potential for increased use of chickpea is 
related to its relatively low cost, relatively high protein content (~18.3–
28.9%), high protein digestibility (76–78%), and other desirable functionalities 
[8]. 

Therefore, chickpea flour (CF) could be an excellent choice to improve 
the nutritional value of gluten-free or partially replaced wheat flour (WF) in 
muffin batter. The high lysine and low methionine contents complement those 
of WF proteins, which are poor in lysine and relatively higher in the sulfur-
containing amino acids [7]. According to the authors just cited, studies have 
shown that CF can be successfully incorporated into products at up to 20% 
inclusion, to produce products that rate higher in terms of color, texture, taste, 
and overall acceptability. A number of pasta products containing CF are 
currently available on the domestic market. Also, CF has been incorporated in 
biscuits at a level of up to 50% [9]. On the other hand, the United Nations has 
declared that 2016 will be the International Year of Pulses named as “IYP 
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2016.” The hope of “IYP 2016” is to position pulses as primary sources of 
protein and other essential nutrients, leading to dietary uptake. 

Small-amplitude oscillatory shear (SAOS) and creep-recovery are 
fundamental tests that measure the linear viscoelastic properties of a 
substance. The stress applied to the sample in the linear viscoelastic (LVE) 
region is low enough not to produce an irreversible change in the structure, so 
information about the unaltered system structure is obtained [10]. Flow and its 
characterization during pumping and handling of muffin batters are very 
important because the batter is an intermediate product that subsequently 
passes through low (mixing operations) and high (pumping) shear operations. 
Therefore, a complete rheological characterization of polysaccharide systems 
entails viscosity and viscoelastic measurements. SAOS measurements are 
considerably easier to perform than steady-state shearing experiments, and 
therefore the analysis of the applicability of the Cox–Merz rule is always of 
interest. 

The aim of this work was to evaluate the suitability of CF to replace 
different percentages of WF in Spanish muffins, and to study its functionality 
in the linear viscoelastic properties (oscillatory and creep and recovery tests) 
and the flow behavior (steady-state shear tests) of the batter as a prior step to 
evaluating and understanding other properties (texture and sensory 
acceptability) of the baked muffin. Optical microscopy of batter was also 
analyzed, and conclusions about the structural features associated with WF 
replacement were drawn. 

 
 

MATERIALS AND METHODS 
 

Batter Preparation 
 
Five muffin formulations (Table 1) were prepared by replacing part or all 

of the wheat flour (WF) with chickpea flour (CF). The Spanish muffin 
ingredients were: wheat flour (Triticum spp. with 13.5% moisture and 10.2% 
protein content as specified by the supplier) and chickpea (C. arietinum 
‘Castellano’) flour, both donated by the García del Valle flour milling 
company (Soria, Spain), pasteurized liquid whole yolk (Ovopak®, Alvarez 
Camacho S.L., Seville, Spain), sucrose (AB Azucarera Iberia S.L., Madrid, 
Spain), salt (sodium chloride), ultra-high temperature whole milk (Pascual, 
Burgos, Spain), refined sunflower oil (Koipesol, Madrid, Spain), natural lemon 
juice (cultivar ‘Primofiori’, Spain), and sodium bicarbonate (Montplet & 
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Esteban, S.A., Madrid, Spain), in accordance with the method used previously 
by other authors (Martínez-Cervera et al., 2012). Mean values for proximate 
composition (g 100 g–1) of chickpea flour, as specified by the supplier, were as 
follows: moisture, 14, crude fiber, 15, crude protein (N × 6.25), 19.4, fat, 5, 
carbohydrate, 55, and energy, 330 kcal 100 g–1. The samples were identified as 
100%WF (control gluten batter), 25%CF, 50%CF, 75%CF, and 100%CF 
(Table 1). 

 
Table 1. Formulations of control muffin batter prepared with 100% of 
wheat flour (WF) and batters prepared with increasing quantities of 

chickpea flour (CF) as WF replacer 
 

Ingredients 
(g 100 g–1 flour) 100%WF 25%CF 50%CF 75%CF 100%CF 
WF 100 75 50 25 0 
CF 0 25 50 75 100 
Whole egg 81 81 81 81 81 
Sucrose 100 100 100 100 100 
Salt 0.75 0.75 0.75 0.75 0.75 
Milk 50 50 50 50 50 
Oil 46 46 46 46 46 
Natural lemon juice 3 3 3 3 3 
Sodium bicarbonate 4 4 4 4 4 

 
The batter was prepared in a KPM5 professional mixer (Kitchen Aid, St. 

Joseph, Michigan, USA), in which the egg was whisked for 2 min at top speed 
(speed 10, 220 rpm), and the sucrose was added and mixed for 30 s. Then the 
mixer speed was reduced to 4, and lemon juice and half the milk were added 
and mixed for 1 min. The flour, sodium bicarbonate, and sodium chloride were 
added and the mixture was beaten for a further 1 min. Lastly, the mixer speed 
was increased to 6, the rest of the milk was added, and the oil was gradually 
dripped in. The mixture was beaten for 3 min until it was smooth. Each 
formulation was prepared at least six times (six batches), on different days, to 
carry out the various rheological tests. 
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Rheological Properties of Muffin Batter 
 
All rheological measurements, SAOS and steady shear tests, were 

performed using either a Bohlin CVR 50 controlled stress rheometer (Bohlin 
Instruments Ltd., Cirencester, UK) and a Kinexus pro rotational rheometer 
(Malvern Instruments Ltd, Worcestershire, UK), using parallel-plate geometry 
(40 mm diameter and 1 mm gap). The batters were all kept at 25°C for 60 min 
after batter preparation before the rheological measurements. They were then 
put on the lower plates of the rheometers for measuring. Any excess sample 
protruding beyond the upper plate was carefully removed. Samples were 
allowed to rest for 15 min before analysis to ensure both thermal and 
mechanical equilibrium at the time of measurement. Samples were covered 
with a thin film of Vaseline oil (PRS-Codex) to avoid evaporation. The 
observed adherence between the measuring system and the sample was 
sufficient to transmit the shear stress, therefore there was no slippage. The 
temperature was controlled to within 0.1°C by Peltier elements in the lower 
plates kept at 25°C, except when non-isothermal heating processes were 
carried out. Three replicates of each test were run with samples prepared on 
three different days. Results are means of nine replications from three batches 
of each formulation. 

 
SAOS Measurements 

 
Stress Sweep Tests 

To determine the LVE region, stress sweeps were run at 6.28 rad s–1 (1 
Hz) at 25°C with the shear stress (σ) of the input signal varying from 0.01 to 
100 Pa. Forty-one points on the continuous mode were measured in all 
instances. Changes in storage modulus (G', Pa), loss modulus (G", Pa), 
complex modulus (G*, Pa), and loss tangent (tan δ = G"/G', dimensionless) 
were recorded. The critical (maximum) values of shear strain (γmax) and shear 
stress (σmax) at the limit of the LVE range were obtained according to the 
method previously described by [11]. 

 
Frequency Sweep Tests 

Samples were subjected to stress that varied harmonically with time at 
variable frequencies from 0.01 to 100 Hz (~0.06 – 62.83 rad s–1). The strain 
amplitude was set at γ = 0.1%, within the LVE range. 
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Temperature Sweep Tests 
Temperature sweep tests were performed from 25 to 125°C at a linear 

heating rate (1.6°C min–1). The oscillation frequency was set at 1 Hz, but 
maintaining the σ signal at the minimum value provided by the Bohlin 
rheometer for parallel-plate geometry (2.98 Pa). For this stress, the 
corresponding strain amplitude was higher than 0.1%; therefore, temperature 
sweeps were carried out outside the LVE range until starch gelatinization 
process occurred in order to obtain the gel points (cross-over of elastic 
modulus, G' and viscous modulus, G") of the batters. 

 
Creep and Recovery Tests 

An instantaneous stress σ0 ranging between 0.08 and 0.16 Pa for the 
different samples, depending on the replacement percentage, and 
corresponding to 0.1% shear strain within the LVE range, was applied for 600 
s in the creep tests and the resulting change in strain over time γ(t) was 
monitored. When the stress was released, some recovery was also observed for 
600 s. The creep and recovery results were described in terms of the shear 
compliance function J(t) = γ(t)/σ0. Compliance curves generated at different 
linear stress levels overlap, making it possible to examine and compare the 
structural properties of the different food gels on larger time scales [12]. 

 
 

Steady Shear Rheological Measurements  
 

Flow Time Dependence and Flow Behavior 
To study flow time dependence, the hysteresis loop was obtained by 

recording shear stress at shear rates from 0.1 to 100 s–1 in 5 min and down in 5 
min. Areas under the upstream data points (Aup) and under the downstream 
data points (Adown) as well as the hysteresis area (Aup – Adown) were obtained 
using Bohlin CVO 120 software (v. 06.40). 

Before analyzing flow behavior, the structure responsible for thixotropy 
was previously destroyed by shearing [13]. After testing several shearing 
conditions, for 5 min at 100, 200, and 300 s–1 shear rates, and analyzing the 
hysteresis cycles, a previous shearing of 5 min at 300 s–1 was selected as the 
appropriate treatment to obtain a reduced hysteresis area. After eliminating or 
reducing the flow time dependence, sample flow was again measured by 
controlling the shear rate and recording the shear stress values at shear rates 
from 0.1 to 100 s–1 in 5 min and down in 5 min. 

 



Beatriz Herranz, Francisco Javier Cuesta, Wenceslao Canet et al. 8 

Three-Step Shear Rate Tests 
For viscometry rebuild analysis, the samples were subjected to a shear rate 

of 0.1 s–1 for 30 s in the first stage. Then, in the second stage, a shear rate of 
100 s–1 was applied for 30 s in order to imitate the breakdown of the sample’s 
structure. In the third stage, the shear rate was again dropped to 0.1 s–1 and the 
viscosity recovery was monitored for 600 s. Then, the percentage of viscosity 
recovery at the end of the test relative to the original apparent viscosity values 
was calculated form the original (η0) and the final apparent viscosity (ηf) 
values as (ηf × 100)/η0. Both, the percentage of viscosity recovery and the 
time (s) taken in the third stage (after structural breakdown) to achieve rebuild 
of the viscosity to 90% of the original value were considered as reliable 
measurements of thixotropy. 

 
 

Color and Other Physical Properties of Muffin Batter 
 
The color of the muffin batter in pots was measured with a Hunter-Lab 

model D25 (Reston, VA) color difference meter fitted with a 5-cm-diameter 
aperture. Results were expressed in accordance with the CIELAB system with 
reference to illuminant D65 and a visual angle of 10°. The parameters 
measured L* (L* = 0 [black], L* = 100 [white]), a* (+a* = red) and b* (+b* = 
yellow). 

The total color difference (ΔE*) between the control sample and each of 
the batters was calculated (Eq. 1; [14]: 

 

 (1) 
 
The values used to determine whether the total color difference was 

visually obvious were the following [15]: 
 
ΔE* < 1: color differences are not obvious for the human eye; 
1 < ΔE* < 3: minor color differences could be appreciated by the human 

eye, depending on the hue; 
ΔE* > 3: color differences are obvious for the human eye. 
 
The specific gravity (SG) of the batter was measured as the ratio of the 

weight of a standard container filled with batter (W2) to that of the same 
container filled with water (W1) in accordance with [2]. 

( ) 2/1222 b*)(a*)(*)L(*E ∆+∆+∆=∆
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The total soluble solids (TSS) content [g 100g–1 (w/w)] as measured by 
refractive index and the pH of the batters were determined with an Atago 
(Itabashi, Tokyo, Japan) dbx-30 refractometer and a Schott CG pH meter 
(Model 149 842; Schott-Geräte GmbH, Mainz, Germany), respectively. 

Water content (%) was determined by drying samples in a Philips 
microwave oven (model M-718, 700W) with output power at 70%. In all 
cases, three different batches were employed and each formulation was 
measured in triplicate. 

 
 

Optical Microscopy 
 
The muffin batter samples were imaged using an Optiphot SMZ 

microscope (Nikon, Japan) with a magnification of 10× in clear field mode. 
Baked muffins were observed using an L2-S8 APO Stereomicroscope (Leica 
Microsystems, Wetzlar, Germany) with a magnification of 1.6×. In both cases, 
the micrographs were taken with a Nikon Digital Coolpix 5000 color digital 
camera. Each formulation was prepared twice, on different days, and four 
replicates of each batter and baked muffin were photographed. 

 
 

Statistical Analysis 
 
For each property or parameter evaluated, one-way analysis of variance 

(ANOVA) was carried out by using the SPSS® Statistics 19.0 computer 
program (SPSS Inc., Chicago, IL, USA). Bonferroni’s multiple comparison 
procedure was used to assess significant differences (P < 0.05) among batters 
that might allow discrimination between them. 

 
 

RESULTS AND DISCUSSION 
 

SAOS Measurements of Muffin Batter 
 

Stress Sweep Tests 
Stress sweeps were carried out to determine the influence of WF 

replacement within the limits of the LVE range. For this purpose, stress (σmax) 
and strain (γmax) amplitudes, complex modulus (G*), and loss factor (tan δ) 
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were used to limit the LVE range (Table 2). These critical σmax and γmax values 
can be taken as measurements of rheological stability [16] and they were 
obtained by defining the range of tolerable deviation as 10% [11]. This means 
that all G* below 90% of the plateau value are considered to be outside the 
LVE range. Both G' and G" were also obtained to limit the LVE range, 
showing gel behavior with G' > G" throughout the complete LVE range only 
for the control gluten batter without added CF. 

 
Table 2. Effect of wheat flour replacement on limit values of linear 

viscoelastic (LVE) range from stress sweep tests of the muffin  
batter at 25°C 

 
Type of formula 
 

σmax 

 (Pa) 
γmax 

 (%) 
G* 
(Pa) 

tan δ 
(-) 

100%WF  0.642±0.01d 0.63±0.03c 102±5.3a 0.86±0.05b 
25%CF 0.646±0.01b 0.96±0.06a 68±4.2c 1.05±0.06a 
50%CF 0.644±0.01c 0.81±0.08a,b 80±8.0b,c 1.06±0.15a 
75%CF 0.643±0.01c,d 0.76±0.11b,c 86±11.8a,b 1.03±0.08a,b 
100%CF 0.808±0.00a 0.84±0.03a,b 96±3.3a,b 1.09±0.03a 

Values are given as mean (n = 9) ± standard deviation. a-d Different letters in the same 
column mean significant differences (P < 0.05) among samples according to 
Bonferroni multiple range test. WF: wheat flour; CF: chickpea flour; σmax: shear 
amplitude; γmax: strain amplitude; G*: complex modulus; tan δ: loss tangent = 
G"/G'. 
 
Notably, after total WF replacement (100%CF) there was a very 

significant increase in σmax with respect to the 100%WF control gluten batter, 
whereas γmax was similar to the rest of the samples with added CF. Batters 
prepared with increasing quantities of CF replacing WF had higher γmax values 
than the gluten sample (100%WF). This means that the batters with CF at 25–
100% levels were more deformable and had a higher degree of conformational 
flexibility [17] than the control gluten batter, as also evidenced by their lower 
critical G* and higher tan δ values, reflecting the loss of rigidity and also of 
elasticity (high tan δ) of the batters as WF was replaced by CF. The unique 
bread-making properties of WF can be attributed mainly to the ability of its 
gluten proteins to form a viscoelastic structural system when mixed with water 
[7]. The results also indicate that the reinforcement of the physical structure of 
control gluten batter is associated with a narrowing of the LVE range. 
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Therefore, 100%WF batter was more rigid (high G*) and brittle, i.e., more 
shear sensitive (lower σmax and γmax). 

In particular, although there were no statistically significant differences 
between the tan δ values of the batters prepared with increasing quantities of 
CF, tan δ was highest in the 100%CF sample. This lower viscoelasticity 
reveals a less elastic character of the structural system as the WF was replaced 
by CF. Note that for all the batters formulated with CF at any percentage the 
tan δ values were >1, indicating an increase in the predominance of the 
viscous component versus the elastic component below the limiting value 
(γmax), especially in the case of chickpea-based gluten-free muffin batter. Thus, 
it seems that the gluten produced a structural improvement in the structure of 
the batter showing this control gluten batter a more solid-like character (tan δ 
< 1) (Table 2). Protein from chickpea contains 11S legumin and 7S vicilin as 
the major protein fractions [18]. This relatively high globulin content of 
chickpea could be responsible for the lower rigidity of the structure as the WF 
is increasingly replaced by CF. 

 
Frequency Sweep Tests of Muffin Batters 

The influence of partial or total WF replacement with CF on the frequency 
sweeps carried out in the linear region are shown in Figure 1. The mechanical 
spectra of the five batters are apparently quite similar, although some 
differences can be appreciated. In the control gluten batter (100%WF), the 
behavior was predominantly more elastic because storage moduli (G') was 
greater than loss moduli (G") in the entire frequency (ω) range studied. This 
could be clearly seen from tan δ (G"/G') values (data not shown) because tan δ 
was less than 1, ranging between 0.65 and 0.91, in the entire ω range. On the 
other hand, differences between both moduli (G' and G") decreased at both 
lower and higher ω. In turn, in both formulations prepared with the higher CF 
levels (75%CF, and 100%CF) G' was also greater than G", although only in 
the ω range from 0.1 to 10 rad s–1. In the 75%CF and 100%CF batters, for ω < 
0.1 rad s–1 and ω > 10 rad s–1, G" was greater than G', reflecting a viscous 
behavior at both low and high frequencies. For batters containing the lower CF 
levels (25%CF and 50%CF), the behavior was predominantly more elastic at 
intermediate and high ω, but tan δ was also more than 1 at low ω. Therefore, 
control gluten batter can be characterized as a soft or weak gel, while the 
samples with partial and total WF replacement presented a structure between 
those of a concentrated biopolymer and of a weak gel, with tan δ values 
ranging between 0.80 and 1.41 [19]. 
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Figure 1. Mechanical spectra data for the muffin control gluten batter and batters with 
wheat flour (WF) replaced by different percentages of chickpea flour (CF). Mean 
values of nine measurements ± standard desviation. 

In addition, both G' and G" increased considerably with increasing ω. In 
all the formulations the frequency dependence of G' and G" correspond to 
straight lines in the log–log plot; therefore they can be fitted to the power law 
equations (Eqs. (2) and (3)): 

 

 (2) 
 

 (3) 
 

where G'0 and G"0 are storage and loss moduli at 1 rad s–1, respectively, and n' 
and n" (both dimensionless) denote the ω dependence of the two moduli. 
According to Campo-Deaño and Tovar [20], the difference (G'0 – G"0) can be 
used as a measure of gel strength. 

According to these parameters the five batters showed frequency 
dependence specifically in CF-based batters (Table 3). Better fits (R2 > 0.99) 
were observed for the power law functions describing the relationship between 
loss modulus and frequency, indicating that the behavior of G' was slightly 
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less linear than that of G". The control gluten batter (100%WF) showed the 
highest G' value throughout the frequency range, which means that more 
deformation energy can be stored in this sample. This effect is compatible with 
the increasing viscous component (higher G") of the batter prepared without 
gluten (100%CF), which means that more energy can be lost during shear of 
100% CF batter. These results are also in accordance with the highest value of 
gel strength (Table 3) and G* value and lowest tan δ for gluten batter (stress 
sweep section). However, remarkably, the G' and G" values of 100%WF and 
100% CF throughout the frequency range are not statistically different, as 
might be expected when observing Figure 2, where the η* values of the two 
batters prepared with only one flour type were higher in the 100%WF and 
100% CF batters for low and high frequencies, respectively. 

On the other hand, reducing WF by increasing the CF levels increased the 
values of both G' and G," which is reflected in the increase in the parameters 
G'0 and G"0 (Table 3). The 25%CF batter showed the lowest values of both 
parameters, followed in increasing order by 50%CF, 75%CF, and 100%CF. 
These differences observed in the viscoelastic behavior in the different batters 
can be attributed to the different protein and starch source.  In this way, the 
protein contents provided by the supplier were 10.2 and 19.4% for WF and 
CF, respectively, while the total carbohydrate content of CF is 55% w/w with 
a lower starch content reported by Xu et al. [21], ranging between 34.9 and 
42.9% w/w. And carbohydrate (85% w/w) and starch (78.8% w/w) contents 
have been reported for WF [22]. Navickis et al. [23] reported that higher 
viscoelastic moduli were observed at higher protein levels. Nevertheless, 
differences with respect to the 100%WF sample were only significant for the 
three partial replacements (25%CF, 50%CF, 75%CF batters) in the case of G'0, 
and for the lower levels of WF replacement (25%CF, 50%CF) in the case of 
G"0. Moreover, these differences can also be attributed to the different 
functional properties of the two types of flours [24]. 

The corresponding n' and n" values were significant higher than control 
gluten and very similar among CF-based batter, showing that all these latter 
formulations exhibit higher ω dependence associated which it could be 
associate with a reduction in the structural stability with increasing CF 
percentage in the batter. Moreover, although differences were not significant, 
the increase in the G'0 and G"0 values with increasing WF replacement. Thus, 
all these results seem to indicate that all the muffin batters containing CF at 
any level had a lower structural quality than those of the control gluten batter.  

 
 



 

Table 3. Effect of wheat flour replacement on power law parameters of Eqs. (2) and (3) and quality factor of Eq. (4) 
from frequency sweep tests of the muffin batter at 25°C 

 

Type of formula 
G'0  
(Pa sn') 

n' R2 G"0 
(Pa sn") 

n" R2 G'0 – G"0 
(Pa sn) 

Q 

100%WF  45.36±3.32a 0.4235±0.0242b 0.996±0.003 32.80±1.01a,b 0.4563±0.0122b 0.997±0.002 12.56±2.36a 8.05±0.16a 
25%CF 26.99±2.87d 0.5050±0.0295a 0.993±0.003 24.72±3.57d 0.5023±0.0253a 0.999±0.000 2.27±0.88b 6.93±0.20b 
50%CF 30.23±0.67c,d 0.5098±0.0096a 0.988±0.009 27.38±0.54c,d 0.5020±0.0091a 0.999±0.001 2.86±0.15b 7.06±0.14b 
75%CF 34.04±1.23b,c 0.5220±0.0172a 0.986±0.003 31.46±0.42b,c 0.5139±0.0229a 1.000±0.000 2.58±1.15b 6.93±0.32b 
100%CF 39.45±0.68a,b 0.5320±0.0131a 0.987±0.004 36.81±1.07a 0.5355±0.0080a 1.000±0.000 2.64±0.88b 6.68±0.19b 

Values are given as mean (n = 9) ± standard deviation. a-h Different letters in the same column mean significant differences (P < 0.01) 
among samples according to LSD multiple range test. WF: wheat flour; CF: chickpea flour; XG: xanthan gum; WP: wheyprotein; 
INL: inulin; tan δ, loss tangent; G'0, G"0, n', and n," regression coefficients relating G' or G" and frequency (f). 
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Additionally, the effect of WF replacement was evaluated by means of the 
quality factor Q (Eq. (4)), a term frequently used in mechanical oscillatory 
systems. It is a dimensionless parameter that expresses the degree of damping 
of an oscillator. 

 
Q = 2π(G'0/G"0) ω(n'-n") (4) 
 
The Q factor unifies parameters that provide structural information of 

different kinds: G'0 and G"0 are related to the strength of the intermolecular 
interactions, and n' and n" to the extent and stability of the protein structural 
system [25]. As we can see in Table 3, the control gluten sample showed 
significantly higher Q values (at angular frequency 10 rad s–1), indicating 
again a higher developed structure of this batter on short time scales [26]. 

 
Temperature Sweep Tests 

To understand the structural changes that take place in the various 
reformulated muffin batters during heating, the linear viscoelastic properties 
were studied during temperature sweeps from 25 to 125°C, trying to simulate 
the batter’s behavior in the oven. The effect of reducing WF (at 0, 50, and 
100% reduction levels) can be seen in Figure 2a, which shows the G' and G" 
moduli during heating. Similar heating patterns were observed in the 25%CF 
and 75%CF batters (data not shown). In turn, Fig. 2b shows the loss tangent, 
tan δ, as a function of increasing temperature in all the batters prepared with 
decreasing quantities of WF (25%CF, 50%CF, 75%CF and 100%CF), together 
with the control gluten batter. As indicated above, at the beginning, the 
nonisothermal heating tests were carried out in the nonlinear viscoelastic 
range. 

It can be seen that at the beginning of the heating (at 25°C) G" was higher 
in magnitude than G' (Figure 2a), reflecting the liquid-like behavior of all the 
batters, although the initial G', G", and tan δ values (Figure 2b) varied among 
batters with and without added CF. Reduction of WF from the level in the 
control gluten batter (at all the percentages used) decreased the G' and G" 
values (at 25°C) and decreased viscoelasticity (values of tan δ became higher), 
meaning that the presence of only gluten (100%WF) increased the 
viscoelasticity of the batter system before heating. At 25°C, tan δ was 1.1 for 
the control gluten sample, 1.5 for 25%CF, 1.6 for both 50%CF and 75%CF, 
and 1.7 for 100%CF, although without significant differences among the 
batters containing CF. 
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In all the batters, the initial increase in temperature produced a decrease in 
the values of both moduli, associated with a decrease in viscoelasticity 
(increasing tan δ values). This decrease might be associated with CO2 
formation in the batter, diffusion into occluded air cells, and expansion, 
reducing the density of the batter [2]. The initial decrease in the viscoelastic 
moduli was more noticeable for 50% WF replacement than for 100% (Figure 
2a). However, differences in the initial heating pattern between the control 
gluten and the CF batters can be observed more easily in Figure 2b. The initial 
increase in temperature increased the values of tan δ, but, while this increase 
was small and gradual in the control gluten batter, in the CF-based batters an 
evident change in the shape of the curve was observed. Especially in the 
25%CF, 50%CF, and 75%CF batters, the tan δ values increased considerably 
between 25 and 45°C, which may be associated with the lower connectivity of 
the batters without gluten, so that the 100%WF structural system was more 
elastic (lower tan δ) and stronger (higher G') between 25 and 75°C than those 
of CF-based batters. This lower viscoelasticity reveals a higher complexity of 
the system structure with CF, once more reflecting a possible thermodynamic 
incompatibility between polysaccharides, proteins, or both occurring in batters 
formulated with mixtures of both flours. It was found that many proteins are 
thermodynamically incompatible in aqueous solutions [27]. During mixing of 
flour with water, albumins, globulins, water-soluble starch (from damaged 
starch granules), and pentosans form a liquid aqueous phase. This is 
immiscible with glutelins and gliadins, which form a separate gluten phase. 
Chickpea seed protein consists of globulins (56.0%), glutelins (18.1%), 
albumins (12.0%), prolamin (2.8%), and residual proteins [18]. 

In contrast, in addition to albumins and globulins, wheat protein mainly 
consists of gluten (85%) composed of monomeric gliadins and polymeric 
glutenins [28]. Moreover, total starch content was 53.4% on dry basis for raw 
CF [29], and 78.8% for WF [22]. 

With increasing temperature (Figure 2a), the G' and G" of the all batters 
increased markedly between 68 and 82°C, and the cross-over of G' and G" was 
reached, which was also associated with increased viscoelasticity (decreasing 
values of tan δ). Gel point, most commonly defined as the time at which G' 
and G" intersect [30], generally occurs as a result of the early stage of starch 
gelatinization [31]; this stage corresponds to when starch granules swell and 
melt. Finally, the G' and G" of the samples increased more slowly from 75 to 
125°C until a maximum value was reached; this period is associated with 
complete starch gelatinization and/or protein denaturation or coagulation. Note 
that the behavior pattern of G' and G" between the temperature where there 
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was cross-over of the two moduli (Tgel) and the final heating temperature was 
fairly similar in all the batters, with close maximum values of the two moduli. 
Throughout the temperature sweep, the increase in temperature also reduced 
the values of tan δ (values closer to 0) in a similar fashion (Figure 2b). 

 

 
Figure 2. Storage modulus (G') and loss modulus (G") (a), and loss tangent, tan δ, (b) 
as a function of increasing temperature in the muffin control batter and batters with 
wheat flour (WF) replaced by different percentages of chickpea flour (CF). Mean 
values of nine measurements ± standard deviation. 
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The effect of replacing WF with increasing quantities of CF on the gel 
points of the batters during heating is shown in Table 4. WF reduction and 
replacement with CF significantly (P < 0.05) affected the starting gel point 
time and temperature of the batters. Total absence of gluten (100%CF) 
resulted in a significant decrease in the gel point in comparison with the 
25%CF and 50%CF reduced-WF batters. In addition, the presence of both 
flour types increased the starch gelatinization temperature of the batter. This 
delay in the temperature and time of the inflexion point in the samples 
containing either WF or CF could be crucial to avoid earlier thermosetting and 
give enough time for appropriate air and vapor expansion during baking [2]. 
However, although 100%CF batter had the lowest starting gel point time and 
temperature, there were non-significant differences between the gel point 
values of this gluten-free muffin batter and the 100%WF batter. 

It can be seen that at the beginning of heating the complex viscosity (η*), 
defined by G*/iω, was significantly higher in magnitude in the 100%WF 
sample (Table 4), again reflecting the more solid-like behavior of gluten batter 
at 25°C. As shown, from 75°C upwards the temperature sweep profiles were 
very similar (Figure 2a), a priori suggesting a very similar response and 
rheological behavior of all the batters during baking. Nevertheless, after 
complete starch gelatinization there were still some significant differences in 
the values of the rheological properties of the batters. The η* at the final 
temperature of 125°C was significantly lower in the batters prepared with 75 
and 100% WF reduction compared with the batter with 25% WF reduction 
(Table 4). However, these η* values at 125°C should be judged with caution, 
as sample desiccation was clearly observed occasionally at this temperature. 

The non-isothermal kinetic relation based on the experimental data and 
regression analysis was determined following the steps described by Rhim et 
al. [32] for a linearly increasing temperature system. In this study, the 
temperature range selected for the kinetic analysis was the range from the 
starting gel point temperature (cross-over of G' and G") up to 100°C, which 
was therefore considered as the temperature where G' achieved its maximum 
value. Data from 100 to 125°C were discarded because of their high 
dispersion, which is related to sample desiccation occurring at higher 
temperatures. 

 
 



 

Table 4. Effect of wheat flour replacement on gel points, complex viscosity values, and kinetic parameters from Eqs. 
(5) and (6) during temperature sweeps of the muffin batter 

 

 
Gel point  
(G' – G" cross-over) 

Onset and endset  
complex viscosities 

Non-isothermal kinetic parameters 

Type of  
formula 
 

Time  
(tgel)(s) 

Temperature  
(Tgel) (°C) 

η* at 25°C 
(Pa s) 

η* at 125°C 
(Pa s) 

Order (n) 

lnk0 
(k0 in 
 Pa(1-n) s–1) 
(n = 0) 

Ea  
(kJ  
mol–1) 
 (n = 0) 

R2  
(Eq. 5) 
(n = 0) 

MSE  
(Eq. 5) 
(n = 0) 

R2  
(Eq. 5) 
(n = 1) 

MSE  
(Eq. 5) 
(n = 1) 

100%WF  1890.7±185.3a,b 74.5±4.9a,b 49.4±5.9a 4785.6±309.4a,b 0.19 36.53 113.43 0.995 0.021 0.950 0.056 
25%CF 2064.9±76.0a 79.0±2.0a 30.4±5.1b 5929.5±655.3a 0.94 47.12 144.68 0.992 0.042 0.999 0.015 
50%CF 2076.9±109.3a 79.4±2.9a 29.1±4.3b 4856.9±580.9a,b 0.71 44.25 135.63 0.992 0.045 0.997 0.027 
75%CF 2025.2±84.6a,b 78.0±2.3a,b 36.4±3.4b 4130.9±459.2b 0.70 47.38 145.33 0.993 0.041 0.995 0.031 
100%CF 1701.2±54.7b 69.5±1.4b 28.9±2.1b 3873.5±438.2b -1.73 66.88 204.38 0.954 0.175 0.946 0.220 

Values are given as mean (n = 9) ± standard deviation. a,b Different letters in the same column mean significant differences (P < 0.05) 
among samples according to Bonferroni multiple range test. WF: wheat flour; CF: chickpea flour. tgel: starting gel point time; Tgel: 
starting gel point temperature; η*: complex viscosity; n: reaction order; k0: frequency factor; Ea: activation energy. MSE: mean 
square error. 
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Figure 3. (a) Sixth-order polynomial fit approximating the change of elastic modulus 
(G' ) vs. inverse of absolute temperature between 25 and 100°C during non-isothermal 
heating of muffin batter made only with wheat flour. (b) Applicability of zero-order 
kinetics for muffin batters during thermal gelatinization. 

The kinetic equation can be converted to Eq. (5) in terms of rheological 
parameters (G' and dG'), as described by Ahmed et al. [31], Alvarez et al. [33], 
Yoon et al. [34]. The negative sign of kinetic equation is substituted by a 
positive sign because of the increase G' during heating (positive dG'). 
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 (5) 

 
where G' (Pa) and dG'/dt (Pa s–1) denote the elastic modulus and the derivative 
of G' with respect to time t, respectively, k0 the pre-exponential or frequency 
factor (Pa(1-n) s–1), n the reaction order, Ea the activation energy (J mol–1), T the 
absolute temperature (K), and R the universal gas constant (8.314 J mol–1 K–1). 

Derivatives of experimental data are usually calculated by the following 
methods: (1) graphical differentiation, (2) polynomial curve fitting and 
differentiation of the fitted equation, and (3) numerical differentiation [32]. 

In this study, derivatives of experimental data were calculated by sixth-
order polynomial fits approximating the change of G' vs. t (for all the cases, 
the corresponding mean R2 value was 0.999 ± 0.002) in the complete 
temperature range considered (from 25 to 100°C). As an example, Figure 3a 
shows the sixth-order polynomial fit approximating the change of elastic 
modulus vs. the inverse of the absolute temperature during non-isothermal 
heating of 100%WF batter. 

A multiple linear regression was then used with the muffin batter kinetic 
data set to determine the order of the reaction (n) after changing the above 
equation into the following linear form (Eq. (6)): 

 

 (6) 

 
The reaction orders obtained from the above equation for muffin batters 

are shown in Table 4. The values of the kinetic parameters were derived from 
the mean curves obtained for each batter. For this reason, standard deviations 
and mean comparisons from statistical analysis are not given for these 
parameters. The control gluten sample (100%WF) showed a reaction order 
very close to zero, whereas the calculated n values were closer to one for the 
muffin batters made with mixtures of both wheat and chickpea flour. 
Unexpectedly, the n of the above Eq. (6) was found to be negative for the 
100%CF batter. However, the reaction order was further verified by 
considering n = 0, and n = 1, in Eq. (5), which confirmed a better fit for zero-
order reaction kinetics in the batters made without mixtures (100%WF and 
100%CF), as well as a better fit for first-order reactions in the case of the 
batters containing both types of flour (Table 4). However, note that for the 
zero-order reactions the R2 values were higher than 0.990, except for the 















−=








TR
Ek

dt
dG

G
a

n
1ln'

'
1ln 0















−+=








TR
EGnk

dt
dG a 1'lnln'ln 0



Beatriz Herranz, Francisco Javier Cuesta, Wenceslao Canet et al. 22 

100%CF batter (0.954). Then, although by considering n = 1 the R2 of the 25, 
50, and 75%CF batters increased slightly compared with zero-order reactions, 
the applicability of first-order reaction kinetics for 100%WF batter 
meaningfully decreased the goodness of the fit. Consequently, zero-order 
reaction kinetics was considered in all five batters in order to compare the 
values of the kinetic parameters obtained (Figure 3b). Zero-order reaction 
kinetics has also been reported for CF slurries in a wide moisture range from 
1:5 to 1:2 flour-to-water ratio [33]. 

There was an increase in both the lnk0 and the Ea values of the muffin 
batters with the increase in the percentage of WF replacement. The magnitude 
of Ea was 113.4 and 204.4 kJ mol–1 for the 100%WF and 100%CF batters, 
respectively. The lower Ea in control gluten batter implies that it was more 
favorable for gelatinization. In accordance with Matos et al. [4], other 
ingredients such as sugar, egg white powder or egg white liquid, milk, baking 
powder, salt, vegetable oil, hydrocolloids and emulsifiers could be 
incorporated in reduced-WF formulations to improve the final product quality. 
However, according to Ahmed et al. [31] the significant increase in Ea values 
for gelatinization of 100%CF batter might also be attributable to the fact that 
the starch granules cannot swell to their equilibrium volume because of limited 
availability of water. Hydrocolloids are used as gelling agents in puddings, 
jellies, and aspics, as starch retrogradation inhibitors in breads and batters, and 
as water-binding agents in gluten-free foods [35]. 

 
Creep and Recovery Tests 

This transient test produces creep and recovery compliance data, J(t), over 
longer time scales than SAOS measurements [16]. So these experiments can 
cause irreversible breakdown of short-range interactions; thus providing 
information about the relative long-range properties of physical systems [12]. 

Moreover, the J(t) values from the creep curves can be used to calculate 
the relaxation modulus G(t) [36], which can be fitted with time to the power 
law using Eq. (7). 

 
G(t) = St-n (7) 

 
where S (kPa sn) is the gel strength and n is the relaxation exponent, both 
characteristic parameters of each kind of structure [26, 37]. 

Figure 4 shows creep-recovery compliances for control gluten batter 
(100%WF) and batters with WF replaced by 50 and 100% of CF (50%CF and 
100%CF, respectively). There are clearly two trends, 100%WF batter showed 
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the lowest J(t) values during creep stage followed by 100%CF batter  which 
indicates that both batters were more dense and rigid than the rest of the CF-
based batters. Moreover, 100%WF batter also showed the lowest J(t) values 
during recovery stage meaning that it is the most time-stable batter. In 
contrast, 50% WF batter showed the highest J(t) values during creep and 
recovery stages indicating that during loading there may been a rupturing of 
bonds meaning that the batter structure was more deformed, and therefore, 
more flexible, and these bonds were irreversibly broken. The creep-recovery 
curves of 25%CF and 75% CF batters were quite similar to that of 50%CF 
(data not shown). 

These experimental J(t) data from creep-recovery curves of all the batters 
were consistent with the parameters found in Table 5. Specifically, control 
gluten batter and 100%CF batter had the higher values of gel strength (S) than 
the rest of the CF-based batters (25%CF, 50%CF and 75%CF). Nevertheless, 
100% WF showed the lowest value of relaxation exponent (n) while 100%CF 
showed the highest value and the rest of CF-based batters showed intermediate 
values. Thus, the presence of gluten seems to produce dense systems with a 
higher connectivity degree than the CF-based batters. However, the 
replacement of WF by CF produced also denser systems but less-time stable 
especially at 100% replacement level. These results are also consistent with 
the higher values of G*max, the lower values of tan δ (stress sweep section) and 
with the lower influence of frequency on both G' and G" from mechanical 
spectra found in the control gluten batter respect to those of CF-based batters, 
discussed earlier. Thus, replacement of WF by CF produced batters with lower 
structural properties. 

 
Table 5. Effect of wheat flour replacement on power law parameters of 

Eq. (7) from creep and recovery tests of the muffin batter at 25°C 
 

Type of formula S (kPa sn) n R2 
100%WF  0.054±0.003a,b 0.510±0.026c 0.999±0.000 
25%CF 0.041±0.004c 0.597±0.011b 0.999±0.000 
50%CF 0.040±0.004c 0.646±0.013a 0.999±0.000 
75%CF 0.047±0.002b,c 0.656±0.005a 0.999±0.000 
100%CF 0.063±0.005a 0.656±0.020a 0.999±0.000 

Values are given as mean (n = 9) ± standard deviation. a-d Different letters in the same 
column mean significant differences (p < 0.05) among samples according to 
Bonferroni multiple range test. WF: wheat flour; CF: chickpea flour; S: gel 
strength; n: relaxation exponent. 
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Figure 4. Creep and recovery compliance J(t) data for the muffin control batter and 
batters with wheat flour (WF) replaced by different percentages of chickpea flour (CF). 
Mean values of nine measurements ± standard deviation. 

 
Steady-State Shear Measurements 

 
Hysteresis Area 

Structural systems break down in the accelerating shear rate portion of a 
rheogram and restructure in the decelerating portion. When a sample is 
sheared at increasing and then at decreasing shear rates, the observation of the 
hysteresis area between the curves representing shear stress values indicates 
that the sample’s flow is time-dependent [38, 39, 13]. According to the authors 
just cited, the area encircled between the ascending and the descending curves 
is an index of the energy per unit time and unit volume needed to eliminate the 
influence of time on flow behavior. All the batters showed observable 
hysteresis (Figure 5). Therefore the presence of hysteresis loops in Figure 5a 
indicates thixotropic breakdown and behavior of all the muffin batters studied. 
However, differences in the magnitude of the hysteresis loop were observed 
among the batters (Table 6). The initial or first hysteresis loop area decreased 
as the level of WF replacement in the batter increased. As a result, thixotropy 
became significantly smaller for the higher WF replacement level (100%CF). 
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Assuming that a hysteresis loop area is an index of the energy needed to 
destroy the structure responsible for flow time dependence, the experimental 
data showed ‘that control gluten batter was the one that needed the highest 
energy to break down the structure. On the other hand, 100%WF batter 
showing the largest loop area is also the one showing the lowest resistance to 
flow and the strongest structural destruction under identical shearing 
conditions (Figure 5a). On the other hand, while assays performed within the 
linear range are nondestructive, elastic or viscoelastic materials tested outside 
this range may suffer irreversible structural changes [40]. In real production 
processes viscoelastic fluids are subjected, most of the time, to high shear 
deformation conditions which are linked to the nonlinear viscoelastic behavior 
of the material. According to the authors just cited, any rheological material 
testing should therefore explore how samples behave inside and outside the 
range of linear viscoelasticity. 

 
Flow Behavior 

On the basis of the above results, before analyzing flow behavior a 
previous shearing of 5 min at 300 s–1 was applied to all the batters in order to 
eliminate or reduce as much as possible the flow time dependence of the batter 
[39, 41]. On recording shear stress variation with shear rate (forward and 
backward measurements) in order to guarantee the steady-state shear condition 
(~10 min), yet again all the samples showed observable hysteresis (Figure 5b). 
However, for the same shearing conditions the percentage of eliminated 
hysteresis loop was almost 94% in the control gluten batter (Table 6), and it 
decreased as a result of increasing the level of WF replacement, being only 
35% in the 75%CF batter. When a material is sheared at a constant shear rate, 
the viscosity of a thixotropic material will decrease over a period of time, 
implying a progressive breakdown of structure [38]. Therefore, this result 
reflects a significantly higher destruction by shearing of the internal structure, 
and thus a faster breakdown rate of batter associations, in the 100%WF sample 
in comparison with the 100%CF one. It is also interesting to note that after 
shearing the 100%CF sample the hysteresis loop area of the batter was still 
higher than the first one obtained without previous shearing. Thus, it seems 
that the replacement of WF (gluten) by CF make more compacted and 
entangled structures.  
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Figure 5. Flow curves measured by increasing (forward measurements) and decreasing 
shear rate (backward measurements) for the muffin control batter and batters with 
wheat flour (WF) replaced by different percentages of chickpea flour (CF) without 
shearing (a), and after shearing the batters at 300 s–1 for 5 min (b). 
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In addition, after reducing the flow time dependence by shearing, sample 
flow was measured, and all samples showed non-Newtonian shear-thinning 
behavior with an apparent initial resistance to flow. Assuming a non-linear 
relationship between shear stress and shear rate, the data obtained were fitted 
to the Casson (Eq. 8) and Herschel–Bulkley models (Eq. 9) (Rao, 1999) using 
Bohlin CVO 120 software (v. 06.40): 

 

 (8) 

 

 (9) 

 
In Eq. (8), the Casson yield stress (Pa) is calculated as the square of the 

intercept, σ0 = K0
2, and the Casson viscosity (Pa s) is ηC = K2. In Eq. (9), K is 

the consistency index (Pa sn), n is the flow behavior index (dimensionless), 
and σ0 is the yield stress (Pa). The σ0 value used in the Herschel–Bulkley 
model was that obtained by fitting the experimental data to the Casson model, 
as described by Tárrega et al. [13]. For all models, σ is the shear stress (Pa) 
and   is the shear rate (s–1). As thixotropy had been reduced to a certain extent, 
models for time-dependent flow behavior were not consideres in this study. 

Experimental data fitted well to the Casson model (Table 6), with R2 
values ranging between 0.997 and 0.999. The yield stress values were high – 
higher than 4 Pa at 100%WF and higher than 12 Pa at 100%CF – indicating 
plastic behavior. The high yield stress value obtained at the highest 
replacement level shows that the 100%CF sample had a significantly higher 
initial resistance to flow, as well as a significantly higher Casson plastic 
viscosity, suggesting that it is the most dense and entangled structure than all 
the batters containing different levels of WF (gluten). Experimental data fitted 
better to the Herschel–Bulkley model, with R2 values ranging between 0.999 
and 1.000 (Table 6). At 25°C, n was significantly lower and K was much 
higher in 100%CF than in the other batters, indicating greater pseudoplasticity 
and consistency of the gluten-free under steady-state shear. 
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Table 6. Effect of wheat flour replacement on hysteresis areas and rheological parameters of Eqs. (8) and (9) 
describing flow curves of the muffin batter at 25°C 

 

Type of 
formula 

Hysteresis 
area before 
shearing  
(Pa s–1) 

Hysteresis area 
after shearing  
(Pa s–1) 

Casson model Herschel–Bulkley model 

σ0 (Pa) ηC (Pa s)  R2 K (Pa sn) n  R2 
100%WF  1974.3±353.1a 115.8±47.2b 4.23±0.47b 2.31±0.32c 0.998±0.000 8.60±0.64b 0.760±0.013b,c 1.000±0.000 
25%CF 1438.5±65.9b 191.9±73.7b 4.49±1.56b 2.49±0.12b,c 0.998±0.000 8.56±1.76b 0.780±0.031a,b 0.999±0.001 
50%CF 1034.4±281.8b 202.0±118.6b 3.22±0.29b 2.98±0.06b,c 0.999±0.000 8.65±0.26b 0.804±0.006a 1.000±0.000 
75%CF 504.1±145.7c 297.5±105.8a,b 4.89±0.69b 3.18±0.40b 0.999±0.000 10.02±1.34b 0.793±0.023a,b 1.000±0.000 
100%CF 357.0±71.1c 428.8±44.9a 12.57±0.81a 4.41±0.54a 0.997±0.000 19.91±2.00a 0.729±0.005c 0.999±0.000 
Values are given as mean (n = 9) ± standard deviation. a-d Different letters in the same column mean significant differences (P < 0.05) 

among samples according to Bonferroni multiple range test. WF: wheat flour; CF: chickpea flour. σ0, yield stress;  ηC, Casson 
viscosity; n, flow behavior index; K, consistency index. 
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Batter viscosity is an important physical property as it is closely related to 
the final quality of an aerated baked product. Martínez-Cervera et al. [42] 
reported that the increasing viscosity as CF levels rose could be an unfavorable 
factor for the quality of the final baked product. These negative effects of 
replacing WF (gluten) with CF could be because of the higher protein, and/or 
lower starch contents in CF, corroborating previous findings [43]. 

 
Three-Step Shear Rate Test 

For each batter, Table 7 shows the original and final apparent viscosities, 
the time taken from the onset of the third stage (after structural breakdown) to 
achieve rebuild of the viscosity to 90% of the original value, and the recovery 
percentage of the original viscosity at the end of the test, i.e., after a rebuild 
time of 600 s. Original apparent viscosity values at 0.1 s–1 (low shear rate) 
were highest for the control gluten batter (100%WF), agreeing with its higher 
viscoelasticity, whereas ηo values were significantly lower in all three batters 
containing both flour types, without significant differences between them. In 
turn, the 100%CF batter had an intermediate ηo value. Similar results were 
obtained for storage moduli (elasticity) of the batters from frequency sweeps 
(Table 3). 

When the shear ceases, the internal structure is recovered when the batter 
is left to rest for a more or less prolonged (recovery) period time. The apparent 
viscosity value after restructuring for 600 s after cessation of flow (ηf) was 
significantly (P < 0.05) higher for the 100%CF batter (Table 7). As a result, 
the percentage of viscosity recovery calculated with respect to the ηf  value was 
83.6% for 100%WF, whereas the values obtained ranged between 106.8 and 
146.0 for batters containing increasing percentages of CF. This percentage 
increased significantly as the level of WF replacement increased, being 
146.0% for the full amount of replacement, i.e., for the 100%CF sample. With 
regard to the time required to recover 90% of the original apparent viscosity 
after structure breakdown (Table 7), it could not be obtained for the control 
gluten batter, being higher than the rebuild time considered (>600 s). 
However, this time decreased significantly with increasing percentage of WF 
replacement, and the lowest value corresponded to the maximum level of WF 
replacement (100%CF sample). 

A low viscosity recovery percentage and a long rebuild time indicate that 
the 100%WF sample is more thixotropic than the rest of the batters with 
higher recovery percentage and shorter rebuild time. Therefore, this test 
evidences and confirms that control gluten batter made only with gluten had 
the most thixotropic behavior, whereas for all the batters containing CF protein 
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the thixotropy decreased significantly as the gluten content decreased to zero. 
In contrast, under SAOS measurements 100%WF batter had higher 
viscoelasticity (Table 3) and also more long-lasting memory, exhibiting more 
elasticity (Table 5) in addition to viscous behavior. 

 
Table 7. Effect of wheat flour replacement on viscometry rebuild analysis 

from three-step shear rate tests at 25°C of the muffin batter 
 

Type of 
formula 

ηo  

(Pa s) 
ηf  

(Pa s) 
Time to 
recover 90% of 
ηo (s) 

Percentage of 
viscosity recovery  
(%) 

100%WF  51.7±1.6a 43.2±0.1b,c >600 83.6±2.4d 
25%CF 38.2±2.4c 40.7±1.5b,c 121±25a 106.8±6.5c 
50%CF 34.5±1.6c 40.2±1.1c 52±3b 111.9±3.3b,c 
75%CF 35.3±0.2c 43.6±1.2b 26±11b,c 123.5±3.3b 
100%CF 45.4±0.9b 66.3±0.7a 10±1c 146.0±4.0a 

Values are given as mean (n = 9) ± standard deviation.  a-d Different letters in the same 
column mean significant differences (P < 0.05) among samples according to 
Bonferroni multiple range test. WF: wheat flour; CF: chickpea flour. ηo, original 
apparent viscosity at the onset of the first stage; ηf, final apparent viscosity at 660 
s (after 600 s of recovery). 
 
It is also interesting to observe that all four batters containing CF showed 

a different response to flow in comparison with the control gluten; their 
percentages of viscosity recovery were much higher than 100, reflecting that 
the viscosity of the CF batters after shearing and restructuring was even higher 
than that of their resting structures. All four CF formulae exhibited a short, 
rapid build-up of viscosity to a highly structured state after shearing. In the 
case of the 100%CF sample, 90% of the internal structure was recovered when 
the batter was left to rest for a very short time (10 s); Newtonian fluids recover 
almost instantaneously upon removal of shear, but the recovery time of non-
Newtonian fluids depends on both particle orientation and collision effects 
during structure rebuilding. It is obvious that the 100%CF sample exhibited 
the fastest rate of structure rebuilding. The results show that the reduction or 
total absence of gluten in the batter, i.e., of gluten, significantly accelerates the 
recovery rate when the viscosity function is considered alone, without taking 
the elastic component into account. 
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Applicability of the Cox–Merz Rule 
 
Another of the goals of this study was to search for relationships between 

oscillatory viscoelastic properties and steady-state rheological properties. The 
Cox–Merz rule states that the complex viscosity (η*) at a specific oscillatory 

frequency (ω) is equal to the apparent viscosity (ηapp =σ/ ) at a specific shear 

rate ( ), when ω =  (Eq. (10); [44]). When this rule is valid, the rheological 
food properties can be obtained by either oscillatory or steady-state shear 
experiments, which is particularly useful because of the characteristics and 
limitations of each kind of experiment findings [41]. 

 

η*(ω) = ηapp │ω =  (10) 
 
As Figure 6 shows, the Cox–Merz rule could not be used directly. As 

commonly observed in food products, for all the batters the η* magnitudes 
were always higher than the ηapp magnitudes. This is why oscillatory shear 
produces a small deformation which does not completely disturb the 
microstructure of the batter sample, whereas steady shear produces a large 
deformation, which induces structural changes findings [45]. On the other 
hand, for each batter it is possible to see that the two lines are not parallel to 
each other, suggesting that a linear relationship between viscosities cannot be 
applied. Therefore a power (Eq. (11)) modified Cox–Merz rule was used for 
evaluation of the rheological properties. 

 

η*(ω) = α[ηapp ]β│ω =  (11) 
 

Table 8. Effect of wheat flour replacement on power model coefficients 
from modified Cox–Merz rule of the muffin batters at 25°C 

 

Type of formula 
Non-linear regression 
Multiplicative constant, α Power index, β R2 

100%WF  1.297 1.189 0.998 
25%CF 0.783 1.337 0.997 
50%CF 0.931 1.305 0.998 
75%CF 0.843 1.482 0.967 
100%CF 0.827 1.241 0.980 

Values are given as mean (n = 9) ± standard deviation. WF: wheat flour; CF: chickpea 
flour. 
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Figure 6. Applicability of Cox–Merz rule for the control gluten batter and the batter in 
which wheat flour (WF) was replaced by chickpea flour (CF) at the lowest replacement 
level (25%CF).  

The values of parameters α and β (Eq. (11)) are shown in Table 8, with R2 
higher than 0.99 for the 100%WF, 25%CF, and 50%CF batters. The difference 
between viscosities was highest for the control gluten batter (highest value of 
α). The power indices ranged from 1.189 for 100%WF to 1.482 for 75%CF, 
indicating that the relationship between the viscosities was clearly non-linear 
(β values are not close to 1).  

 
 

Color and Quality Parameters of Muffin Batter 
 
An increase in WF substitution produced a decrease in the lightness of the 

batter and an increase in the redness and yellowness values (Table 9), that is to 
say, the batter acquired a more saturated yellowish color. The  a* and b* 
values were significantly (P < 0.05) higher in the formulations with a higher 
degree of WF substitution with CF. As a result, it is concluded that the 
reduced-WF muffin batters had a more orangey color than the control gluten 
batter (100%WF). The ΔE* values were in excess of 3 units for all the batters 
when compared with this control, therefore these differences are clearly 
appreciated by the human eye.  
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Table 9. Effect of wheat flour replacement on color parameters and other physical  
properties of the muffin batters at 25°C 

 

Type of 
formula 

Color parameters Other physical properties 
L* a* b* ΔE* SG (g l–1) TSS [g 100 

g–1 (w/w)] 
pH Water 

content (%) 
100%WF  66.85±0.09a 1.52±0.06d 14.47±0.06e 0.00 0.97±0.00b 21.8±0.24c 7.82±0.02b 13.28±0.80b 
25%CF 66.55±0.20b 2.04±0.25c 19.25±0.34d 4.83±0.34d 0.97±0.01b 21.0±0.25c 7.67±0.01c 16.19±0.77a 
50%CF 62.67±0.16d 2.77±0.08b 23.08±0.27c 9.66±0.20c 1.01±0.01a 25.0±0.21b 7.48±0.02d 14.80±0.80a,b 
75%CF 63.24±0.23c 2.87±0.15b 24.20±0.56b 10.47±0.51b 0.98±0.01b 24.2±0.34b 7.49±0.02d 17.43±0.62a 
100%CF 62.48±0.18d 3.26±0.23a 25.33±0.27a 11.84±0.31a 0.94±0.01c 26.7±0.54a 7.90±0.01a 13.38±0.83b 

Values are given as mean (n = 9) ± standard deviation. WF: wheat flour; CF: chickpea flour. ΔE*, total color difference;  
SG, specific gravity; TSS, total soluble solids. 
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The effect on specific gravity of WF replacement with CF can also be seen 
in Table 9. For the replacement levels of 25% and 75%, the SG values were 
not significantly different from those of the control gluten batter. A significant 
increase in SG was found for the 50%CF sample, whereas a significant 
decrease in SG was observed for the 100% WF replacement. SG has also been 
found to decrease in muffin batter on replacing sucrose with 
sucralose:polydextrose mixtures [42]. 

 

 

Figure 7. Optical microscopy images for the control gluten batter (100%WF) and 
batters prepared with increasing quantities of chickpea flour (CF) replacing wheat flour 
(WF) (25%CF, 50%CF, 75%CF, and 100%CF) (×10). 
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Lower SG is associated with higher aeration of the batter [46], indicating a 
higher capacity to incorporate air bubbles during beating and retain them [47]. 
However, according to Martínez-Cervera et al. [2], the SG values do not 
provide information about bubble size or distribution. The TSS content of the 
muffin batter increased significantly as a result of increasing the percentage of 
WF replacement which could be ascribed to higher protein content. Moreover, 
100%CF batter also had the highest pH (Table 9). In comparison with the 
100%WF and 100%CF samples, batters made with 25, 50, and 75% WF 
reduction levels showed significantly (P < 0.05) lower pH and higher water 
mositure. Higher moisture can be associated with higher water absorption due 
to the presence in these batters of two different sources of protein and starch. 
However, there were no significant differences in the moisture determined in 
the batters prepared with the 0 and 100% WF reduction levels. 

 
 

Microscopy Images of Muffin Batter 
 
Micrographs obtained for the control batter, and for the 25, 50, 75, and 

100% WF-replaced batters are shown in Figure 7. When WF was replaced by 
increasing quantities of CF, a change in air bubble size and quantity was 
observed: the number of larger-diameter air bubbles tended to decrease, and 
generally the number of air bubbles present in the batters seemed to increase. 
In 50%CF and 75%CF batters, an intermediate size of air bubbles was found. 
As the percentage of WF substitution increased until 100%, an increase in the 
amount of air in the 100%CF batter was observed, in agreement with its lower 
SG value. This reduction in bubble size could be the consequence of the lower 
elasticity of the WF-reduced batters, favoring bubble buoyancy [2]. As the 
beating energy provided to all the batter formulations was the same, a lower 
elasticity may have allowed the larger air cells to coalesce and escape while 
retaining the small ones. Nevertheless, during baking, a second step takes 
place: the air cells are expanded by CO2 and the vapor pressure generated, 
resulting in the formation of the final gas cells, which influence the texture of 
the finished product [6]. In principle, a larger number of small gas nuclei in the 
batter is a positive factor for final quality, as it will favor the formation of tiny 
air cells that can enlarge during baking, which in turn favors height and 
volume gain [2]. One explanation for the greater number of air bubbles found 
in the gluten-free muffins is that the early starch gelatinization advanced batter 
thermosetting, which favoured bubble retention. More research is needed to 
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get an understanding of the influence of this higher number of small air 
bubbles in the batter on the final quality of the baked muffin.  

 
 

CONCLUSION 
 
SAOS measurements indicated that muffin batters made with CF at any 

level are more deformable, with a lower degree of conformational stability 
than the 100%WF control gluten batter. Moreover, 100%WF batter could be 
characterized as a weak gel, while batters with partial and total WF 
replacement presented a weaker structure. The process of muffin batter 
gelatinization under non-isothermal conditions was well described by first-
order reaction kinetics. The lower activation energy (113.43 kJ mol–1) of 
control gluten batter implies that it was more favorable for gelatinization. 
Creep and recovery tests showed that the 100% WF and 100%CF batters 
showed the lowest compliances values during creep stage meaning that both 
batters were dense systems. Nevertheless, control gluten batter was more time-
stable batter than all CF-based batters as showed its compliances values during 
recovery stage, and also this gluten batter showed a higher connectivity degree 
than the all CF-based batters. Under viscous shear flow, 100%WF batter was 
the most thixotropic, with the lowest viscosity recovery percentage and 
resistance to flow, the longest rebuild time, and the highest fluidity. Shearing 
reduced 94% of the flow time dependence in the 100%WF batter, whereas in 
the 100%CF sample the hysteresis loop increased. In addition, all four CF 
formulae exhibited a short, rapid build-up of viscosity to a highly structured 
state after shearing. Flow data fitted very well to the Herschel–Bulkley model, 
which showed that gluten-free batter had the highest yield stress, 
pseudoplasticity, and viscosity. Power type modification of the Cox–Merz rule 
can be successfully used for all the muffin batters studied. SG values would 
appear to indicate a higher incorporation of air into the 100%CF batter. Future 
studies will be needed to determine the sensory quality of the baked muffins 
made with these batters, linking the rheological properties of these batters with 
the functional properties of proteins and the technological characteristics of the 
end products. 
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