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ABSTRACT 26 

 27 

The effect on rheological properties of muffin batter of replacing wheat flour (WF) with chickpea 28 

flour (CF) was studied by using viscoelastic and steady-state shear tests to characterize the physical 29 

structure and predict both processing and batter performances. CF was used to replace WF in the 30 

batter partially (25, 50, 75% w/w) or totally (100% w/w, i.e., CF-based gluten-free muffin batter), and 31 

compared with a control made only with wheat (100%WF batter). Viscoelasticity and rebuild time 32 

decreased significantly with the increase in the percentage of WF replacement. Gluten-free muffin 33 

batter had the highest viscosity after shearing reflecting a trend towards a dilatant flow behavior 34 

associated with higher intermolecular aggregation interactions due to higher protein content. 35 

Rheological properties of the batters are dominated by the starch and protein contents present in the 36 

formulations. Replacement of WF by CF also increased the number of air bubbles which were 37 

smaller.  38 

 39 

Keywords: Chickpea flour; Muffin batter; Formulation; Rheology; Air bubbles; Structure  40 

 41 

PRACTICAL APPLICATIONS  42 

 43 

Gluten-free muffins should resemble those made from WF, overcoming problems of quality defects 44 

and low nutritional value. Potential for use of CF in gluten-free muffins is related to its high protein 45 

content, playing a healthy and functional role. Formulation of gluten-reduced and gluten-free muffins 46 

involves studying batter rheology and resulting baked product characteristics. Various CF-based 47 

muffin batters were formulated and rheologically characterized under small and large deformations to 48 

attain insights of structural status and mechanical behavior. Higher WF batter viscoelasticity is related 49 

to higher starch content, whereas higher CF batter viscosity after shearing correlated well with higher 50 
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protein content. CF with starch content adjusted to the level of WF could decrease differences in 51 

rheological properties of batters. CF helped to incorporate air into the batter, which is essential for 52 

achieving appropriate final volume and spongy texture.    53 

 54 

INTRODUCTION 55 

 56 

A muffin batter may well be defined as a “cellular system” (Walstra, 2003), in which the continuous 57 

semi-solid matrix formed by a complex fat-in-water emulsion could be considered a multi-phase 58 

system containing ungelatinized starch granules, oil droplets, proteins, sucrose, etc. Moreover, those 59 

“cells” are filled with air bubbles as the discontinuous phase. In turn, baked muffins are characterized 60 

by a typical alveolar-porous structure and high volume, which give a spongy texture. To obtain this 61 

final structure, a stable semi-solid matrix lodging many tiny air bubbles is required (Martínez-Cervera 62 

et al. 2012a, b).  63 

Traditionally, a muffin batter recipe is mainly composed of wheat flour (WF), sucrose, vegetable 64 

oil, egg, and milk (Sanz et al. 2009). For this reason, people with celiac disease are unable to consume 65 

this type of product. In recent years, there has been extensive research for the development of gluten-66 

free bakery products. Nevertheless, many gluten-free products available on the market are often of 67 

poor technological quality, exhibiting low volume, poor color, and crumbling crumb, as well as great 68 

variation in nutrient composition, with low protein and high fat contents (Martínez-Cervera et al. 69 

2011).  70 

Most of gluten-free muffin, cake, or cupcake recipes contain rice flour as the principal ingredient 71 

(Matos et al. 2014; Shevkani et al. 2015). Legumes are rich sources of protein throughout the world 72 

and contain approximately three times more protein than cereals. Chickpea (Cicer arietinum L.) is one 73 

of the top five important legumes on the basis of whole grain production (Hefnawy et al. 2012). The 74 

potential for increased use of chickpea is related to its relatively low cost, relatively high protein 75 
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content (~21.9–26.8%), high protein digestibility (76–78%), and other desirable functionalities (Xu et 76 

al. 2014). Therefore, chickpea flour (CF) could be an excellent choice to improve the nutritional value 77 

of gluten-free or partially replaced WF in muffin batter. On the other hand, the United Nations has 78 

declared that 2016 will be the International Year of Pulses named as “IYP 2016”. The hope of “IYP 79 

2016” is to position pulses as primary sources of protein and other essential nutrients, leading to 80 

dietary uptake. 81 

In addition, the impartation of desirable qualities and functionalities to food products by the 82 

addition of CF depends largely on the functional properties and characteristics of the flour (Xu et al. 83 

2014). Functional characteristics, including water and oil absorption and holding capacities and 84 

emulsification and foaming abilities, are key to utilizing and marketing chickpea in a diverse food 85 

applications. In turn, functional properties of WF and composite flours increased with increase in the 86 

incorporation of other flours with WF (Chandra et al. 2015). 87 

Chemical composition, physical parameters, functional properties and microstructural 88 

characteristics will determine the rheological properties of muffin batters. Viscoelastic properties are 89 

very useful in the design and prediction of product stability (Augusto et al. 2013), and they are very 90 

sensitive to chemical composition and physical structure (Van Bockstaele et al. 2008a, b). Flow and 91 

its characterization during pumping and handling of muffin batters are also very important because the 92 

batter is an intermediate product that subsequently passes through low (mixing operations) and high 93 

(pumping) shear operations. Large deformation measurements seem to be more adequate to evaluate 94 

and predict batter and end product qualities. Consequently, a complete rheological characterization of 95 

food systems entails both viscoelastic and viscosity measurements.  96 

The aim of this work was to evaluate the suitability of CF to replace different percentages of WF 97 

in Spanish muffins, and to study its effect in the viscoelastic properties (oscillatory tests) and the flow 98 

behavior (steady-state shear tests) of the batter to provide a useful fingerprint of rheological behavior. 99 

This prior step would allow establishing and identifying correlations between the rheological 100 

http://www.fao.org/pulses-2016/en/
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properties of the batter and the functional properties of the flours and proteins and other descriptors of 101 

the quality of the baked muffin. Optical microscopy of muffin batter was also analyzed, and 102 

conclusions about the structural features associated with WF replacement were drawn. 103 

 104 

MATERIALS AND METHODS 105 

 106 

Batter Preparation 107 

 108 

Five muffin formulations (Table 1) were prepared by replacing part or all of the WF with CF. Spanish 109 

muffin ingredients were: WF (Triticum spp. with 13.5% moisture and 10.2% protein content as 110 

specified by the supplier) and CF (C. arietinum ‘Castellano’), both donated by the García del Valle 111 

flour milling company (Soria, Spain), pasteurized liquid whole yolk (Ovopak®, Alvarez Camacho 112 

S.L., Seville, Spain), sucrose (AB Azucarera Iberia S.L., Madrid, Spain), salt (sodium chloride), ultra-113 

high temperature whole milk (Pascual, Burgos, Spain), refined sunflower oil (Koipesol, Madrid, 114 

Spain), natural lemon juice (cultivar ‘Primofiori’, Spain), and sodium bicarbonate (Montplet & 115 

Esteban, S.A., Madrid, Spain), in accordance with the method used previously by Martínez-Cervera et 116 

al. (2011, 2012a, b). Mean values for proximate composition (g/100 g) of CF, as specified by the 117 

supplier, were as follows: moisture, 14, crude fiber, 15, crude protein (N × 6.25), 19.4, fat, 5, and 118 

carbohydrate, 55.  119 

The batter was prepared in a KPM5 professional mixer (Kitchen Aid, St. Joseph, Michigan, USA), 120 

in which the egg was whisked for 2 min at top rotational speed (10, 220 rpm), and the sucrose was 121 

added and mixed for 30 s. Then the mixer speed was reduced to 4, and lemon juice and half the milk 122 

were added and mixed for 1 min. The flour, sodium bicarbonate, and sodium chloride were added and 123 

the mixture was beaten for a further 1 min. Lastly, the mixer speed was increased to 6, the rest of the 124 

milk was added, and the oil was gradually dripped in. The mixture was beaten for 3 min until it was 125 
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smooth. Each formulation was prepared at least six times (six batches) on different days. Batters were 126 

all kept at 25C for 60 min after preparation before all the determinations. 127 

 128 

Rheological Properties  129 

 130 

The rheological properties were obtained using a Bohlin CVR 50 controlled stress rheometer (Bohlin 131 

Instruments Ltd., Cirencester, UK) and a Kinexus pro rotational rheometer (Malvern Instruments Ltd, 132 

Worcestershire, UK) using parallel-plate geometry (40 mm diameter and 1 mm gap). Batters were 133 

allowed to rest for 15 min before analysis to ensure both thermal and mechanical equilibrium. 134 

Samples were covered with a thin film of Vaseline oil (PRS-Codex) to avoid evaporation. 135 

Temperature was controlled to within 0.1C by Peltier elements in the lower plates kept at 25C, except 136 

when non-isothermal heating processes were carried out. Three replicates of each test were run with 137 

samples prepared on three different days. Results are means of nine replications from three batches of 138 

each formulation. 139 

 140 

Small-amplitude Oscillatory Shear (SAOS) Measurements. Stress, Frequency, and Temperature 141 

Sweep Tests. To determine the LVE region, stress sweeps were run at 1 Hz (6.28 rad/s) with the shear 142 

stress (σ) of the input signal varying from 0.01 to 100 Pa. Frequency sweeps were run subjecting the 143 

samples to stress that varied harmonically with time at variable frequencies (ω) from 0.01 to 10 Hz. 144 

The strain amplitude was set at γ = 0.1%, within the LVE range (σ was 0.13 Pa for 100%WF, 0.08 Pa 145 

for 25%CF, 0.09 Pa for 50%CF, 0.10 Pa for 75%CF, and 0.16 Pa for 100%CF). Temperature sweep 146 

tests were performed from 25 to 125C at a linear heating rate (1.6 C/min). The oscillation frequency 147 

was set at 1 Hz, but maintaining the σ signal at the minimum value provided by the Bohlin rheometer 148 

for parallel-plate geometry (2.98 Pa). For this stress, the corresponding strain amplitude was higher 149 

than 0.1%; therefore, temperature sweeps were carried out outside the LVE range until starch 150 
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gelatinization process occurred in order to obtain the gel points (cross-over of elastic modulus, G' and 151 

viscous modulus, G") of the batters.  152 

 153 

Steady Shear Rheological Measurements  154 

Flow Behavior. Before analyzing flow behavior, the structure responsible for flow time dependence 155 

was previously destroyed by shearing (Abu-Jdayil 2003; Tárrega et al. 2004). After testing several 156 

shearing conditions, for 5 min at 100, 200, and 300 1/s shear rates, and analyzing the hysteresis cycles 157 

(data not shown), a previous shearing of 5 min at 300 1/s was selected as the appropriate treatment to 158 

obtain a reduced hysteresis area. After eliminating the flow time dependence, sample flow was 159 

measured by controlling the shear rate and recording the shear stress values at shear rates from 0.1 to 160 

100 1/s in 5 min and down in 5 min (Abu-Jdayil 2003; Tárrega et al. 2004; Alvarez and Canet 2013). 161 

Three-Step Shear Rate. For viscometry rebuild analysis, samples were subjected to a shear rate of 0.1 162 

1/s  for 30 s in the first stage. Then, in the second stage, a shear rate of 100 1/s was applied for 30 s in 163 

order to cause the breakdown of the sample’s structure. In the third stage, the shear rate was again 164 

dropped to 0.1 1/s and the viscosity recovery was monitored for 600 s. Then, the percentage of 165 

viscosity recovery at the end of the test relative to the original apparent viscosity value was calculated 166 

from the original (η0) and the final apparent viscosity (ηf) values as (ηf × 100)/η0. Both the percentage 167 

of viscosity recovery and the time (s) taken in the third stage to achieve rebuild of the viscosity to 168 

90% of the original value were considered as reliable measurements of the apparent viscosity time 169 

dependence of each batter. 170 

 171 

Other Physical Properties  172 

 173 

The color of the muffin batter in pots was measured with a Hunter-Lab model D25 (Reston, VA) color 174 

difference meter fitted with a 5-cm-diameter aperture. Results were expressed in accordance with the 175 
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CIELAB system with reference to illuminant D65 and a visual angle of 10°. The parameters measured 176 

were L* (L* = 0 [black], L* = 100 [white]), a* (+a* = red) and b* (+b* = yellow). The total color 177 

difference (ΔE*) between the control sample and each of the batters was calculated in accordance with 178 

Francis and Clydesdale (1975).  179 

Specific gravity (SG) of the batter was measured as the ratio of the weight of a standard container 180 

filled with batter to that of the same container filled with water in accordance with Martínez-Cervera 181 

et al. (2012a, b, 2013). Total soluble solids (TSS) content [g/100 g (w/w)] as measured by refractive 182 

index and the pH of the batters were determined with an Atago (Itabashi, Tokyo, Japan) dbx-30 183 

refractometer and a Schott CG pH meter (Model 149 842; Schott-Geräte GmbH, Mainz, Germany), 184 

respectively. Moisture (%) was determined by drying samples in a Philips microwave oven (model M-185 

718, 700W) with output power at 70%. In all cases, three different batches were employed and each 186 

formulation was measured in triplicate. 187 

 188 

Optical Microscopy 189 

 190 

The batter samples were imaged using an Optiphot SMZ microscope (Nikon, Japan) with a 191 

magnification of 10× in clear field mode, and micrographs were taken with a Nikon Digital Coolpix 192 

5000 color digital camera. Each formulation was prepared twice, on different days, and four replicates 193 

of each batter were photographed. 194 

 195 

Statistical Analysis 196 

 197 

For each property or parameter evaluated, one-way analysis of variance (ANOVA) was carried out by 198 

using the SPSS® Statistics 19.0 computer program (SPSS Inc., Chicago, IL, USA). Bonferroni’s 199 
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multiple comparison procedure was used to assess significant differences (P < 0.05) among batters 200 

that might allow discrimination between them. 201 

 202 

RESULTS AND DISCUSSION 203 

 204 

SAOS Measurements  205 

 206 

Table 2 shows the influence of WF replacement within the limits of the LVE range. Critical 207 

(maximum) stress (σmax) and strain (γmax) amplitudes, complex modulus (G*max), and loss factor (tan 208 

δ= G"/G') were used to limit the LVE range. Critical σmax and γmax values were obtained by defining 209 

the range of tolerable deviation as 10% (Campo-Deaño and Tovar 2009). After total WF replacement 210 

(100%CF) there was a significant increase in σmax with respect to the control batter (100%WF), 211 

whereas γmax was similar to the rest of the samples with added CF. Therefore, batter with CF at 100% 212 

level had a higher critical stress (up to 0.808 Pa) than the other batters. In turn, batters prepared with 213 

increasing quantities of CF replacing WF had higher γmax values than the 100%WF sample, reflecting 214 

that these systems can withstand higher overall strain when the stress was applied without undergoing 215 

irreversible modifications (Navarro et al. 1997). Nevertheless, batters containing CF at any level had 216 

lower critical G*max and tan δ values > 1, evidencing a more fluid-like character of the systems with 217 

added CF within the limits of the LVE domain. As a result, it seems that the 100%WF batter had a 218 

more developed structure (higher viscoelasticity) than the batters containing CF.  219 

 The frequency dependence of G' and G" in the linear region at 25C for both 100%WF and 220 

100%CF batters is shown in Fig. 1. In the 100%WF batter (Fig. 1A), the G' value was greater than the 221 

G" value in the frequency range studied, showing a predominantly elastic behavior, corroborating 222 

previous findings in muffin batters (Martínez-Cervera et al. 2013; Matos et al. 2014). On the other 223 
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hand, for the 100%WF batter, differences between moduli decreased at both lower and higher 224 

frequencies.  225 

 In turn, 100%CF (Fig. 1B) and 75%CF batters (results not shown) had two cross-over points in 226 

the frequency range studied, reflecting that the behavior was predominantly more viscous at low and 227 

high frequencies. According to Dollet and Raufaste (2014), as low frequency, this is a signature of the 228 

influence of coarsening on foam rheology. For batters containing the lower CF levels (25%CF and 229 

50%CF), the behavior was also predominantly more elastic at intermediate and high frequency, but 230 

tan δ was also more than 1 at low frequency (results not shown). Therefore, 100%WF batter can be 231 

characterized as a soft or weak gel, while samples with partial and total WF replacement presented a 232 

structure between those of a concentrated biopolymer and of a weak gel, behave like viscous fluids at 233 

low and high frequencies, which may be associated with their foaming properties (Xu et al. 2014).  234 

This result evidences that more deformation energy can be stored in the 100%WF batter than in the 235 

rest of the samples with added CF, again indicating a more solid behavior. Nevertheless, there were no 236 

significant differences between the moisture contents of the 100%WF and 100%CF batters, as showed 237 

below.   238 

Muffin batters themselves make up a combined system where each component has its particular 239 

complex structural functionality. Consequently, complex chemical properties due to composite 240 

interactions between all batter components and with water would influence the rheological properties 241 

of these mixtures. At constant ingredients levels, no more than reducing WF by increasing the CF 242 

level, the different contents of the main components of both flours (starch and protein) determined the 243 

rheological properties of the batters at 25C.  244 

As indicated above, protein contents provided by the supplier were 10.2 and 19.4% for WF and 245 

CF, respectively. In turn, according to the supplier, the total carbohydrate content of CF is 55% w/w, 246 

whereas lower starch content ranging between 34.9 and 42.9% w/w has been reported for CF (Xu et 247 

al. 2014). On the other hand, higher both carbohydrate (85% w/w) and starch (78.8% w/w) contents 248 
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have been reported for WF (Abebe et al. 2015). As a result, in the raw batters, viscoelasticity showed 249 

a positive relationship with starch content and an inverse relationship with protein content. In contrast, 250 

Shevkani et al. (2015) reported that the viscoelastic properties of corn starch-based gluten-free batters 251 

were strengthened following the addition of kidney bean, field pea, and amaranth protein isolates. 252 

Therefore, most likely the different proportions of wheat and chickpea proteins present in the cellular 253 

system modified the viscoelasticity of the CF-based muffin batter, inducing a softening effect by 254 

increasing the WF replacement level. Differences observed in the viscoelastic behavior of the batters 255 

made without flour mixtures can also be attributed to the different protein source. Chickpea seed 256 

protein consists of globulins (56.0%), glutelins (18.1%), albumins (12.0%), prolamin (2.8%), and 257 

residual proteins (Chang et al. 2012). This relatively high glutelin content of chickpea could be 258 

responsible for the lower batter density as the WF is increasingly replaced by CF. However, in 259 

addition to albumins and globulins, wheat protein mainly consists of gluten (85%) composed of 260 

monomeric gliadins and polymeric glutenins (Van Bockstaele, 2008a). Moreover, the differences 261 

observed could also be attributed to the different functional properties of the two types of flour 262 

(Chandra et al. 2015).  263 

 To understand the structural changes that take place in the different muffin batters during 264 

heating, the viscoelastic properties were studied from 25 to 125C, trying to simulate the batter’s 265 

behavior in the oven. In addition to the properties of the muffin batter, the structural changes that 266 

occur during baking are also determining factors in bubble formation and evolution and in the final 267 

baked product structure and texture (Martínez-Cervera et al. 2012a, b). As indicated above, at the 268 

beginning, the non-isothermal heating tests were carried out in the nonlinear viscoelastic range.    269 

  The effect of reducing WF (at 0, 50, and 100% reduction levels) can be seen in Fig. 2A, which 270 

shows the elastic modulus during heating. In turn, Fig. 2B shows the loss tangent as a function of 271 

increasing temperature for the same batters. Similar heating patterns were observed in the 25%CF and 272 

75%CF batters (results not shown). Reduction of WF decreased the initial G' values and the 273 
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viscoelasticity (values of tan δ became higher), meaning that the presence of only WF also increased 274 

the nonlinear dynamic properties of the batter system. At 25C, tan δ was 1.1 for the control sample 275 

(100%WF), 1.5 for 25%CF, 1.6 for both 50%CF and 75%CF, and 1.7 for 100%CF.  276 

 The presence of either chickpea starch or proteins produced changes in the shape of the heating 277 

curves that have been associated with both starch gelatinization and protein coagulation processes in 278 

different muffin batter formulas (Martínez-Cervera et al. 2012a, b; Matos et al. 2014). In all the 279 

batters, the initial increase in temperature produced a decrease in the G' values (Fig. 2A) associated 280 

with an increase in the tan δ values (Fig. 2B). In the 100%WF and 100%CF samples, the G' values 281 

decreased with temperature until approximately 50 and 45C, respectively. In the case of the batters 282 

containing both types of flour, the G' values decreased considerably between 25 and approximately 283 

60C. Initially, this decrease could be associated with the effect of increasing temperature. Matos et al. 284 

(2014) explained that gluten proteins show a progressive loss of strength due to protein unfolding, 285 

resulting in a decrease of the elastic modulus and undergoes a thermal transition around 60C. 286 

However, it has also been stated that at a temperature approximately of 45C, the decrease in G' and G" 287 

values may be associated with CO2 formation in the batter, diffusion into occluded air cells, and 288 

expansion, reducing the density of the batter (Martínez-Cervera et al. 2012a, b). Consequently, in 289 

comparison to the control batter, total absence of gluten could have a negative effect on air retention 290 

capacity. In contrast, presence of both WF and CF would indicate a higher capacity of the batter to 291 

incorporate air bubbles. 292 

 Following, the G' modulus of all the batters started to increase gradually with increasing 293 

temperature (Fig. 2A), and the cross-over of G' and G" was reached (data not shown), which was also 294 

associated with increased viscoelasticity (values of tan δ inferior to 1; Fig. 2B). Gel point, most 295 

commonly defined as the time at which G' and G" intersect, generally occurs as a result of the early 296 

stage of starch gelatinization (Ahmed et al. 2008); this stage corresponds to when starch granules 297 

swell and melt. Effect of replacing WF on the starting gel point temperatures (Tgel) of the batters is 298 
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shown in Table 2. There were non-significant differences between the Tgel values of the 100%WF 299 

batter and the gluten-free muffin batter, whereas the presence of both flours increased the starch 300 

gelatinization temperature of the batter. Note that in the 25%CF, 50%CF, and 75%CF batters, the 301 

delay in the temperature of initial increase of both moduli correlated well with the delay in the Tgel. 302 

Analogously, in the 100%CF batter, the early increase of both moduli resulted in the lowest Tgel. In 303 

addition, the advance and the delay in temperatures in comparison to the control batter was always of 304 

~5C. 305 

 During heating, the conformational changes experimented by the wheat and chickpea starches 306 

and proteins were largely responsible for the predominant elastic behavior of the batters. The delay in 307 

starch gelatinization in the samples containing either WF or CF could be crucial to avoid earlier 308 

thermosetting and give enough time for appropriate air and vapor expansion during baking (Martínez-309 

Cervera et al. 2012a, b). However, the early thermosetting associated with the lack of gluten of the 310 

100%CF batter could cause inadequate expansion of individual air cells. In turn, the delay in the 311 

starch gelatinization process in the 75, 50, and 25% WF replacements with CF could be attributed 312 

merely to the presence of a mixture of both flours with different protein fractions and starches. This 313 

finding may be associated with a possible thermodynamic incompatibility between polysaccharides, 314 

proteins, or both occurring in batters formulated with mixtures of both flours. It was found that many 315 

proteins are thermodynamically incompatible in aqueous solutions (Tolstoguzov 1997). During 316 

mixing of flour with water, albumins, globulins, water-soluble starch (from damaged starch granules), 317 

and pentosans form a liquid aqueous phase. This is immiscible with glutelins and gliadins, which form 318 

a separate gluten phase. Moreover, the increase in Tgel values in presence of both flours might also be 319 

attributable to the fact that either starch granules or proteins need more time for swelling and 320 

unfolding, respectively because of water competition. Lower starch content is related to lower Tgel. 321 

The results suggest that not only the level of starch but also their properties (swelling capacity, water 322 

absorption and holding capacities, and gelation capacity) would influence the Tgel values of the batters. 323 
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 After gel point, the G' and G" of the samples continued increasing until a maximum value was 324 

reached; this period is associated with complete starch gelatinization and/or protein denaturation or 325 

coagulation. Note that the behavior pattern of G' and G" between the Tgel and the final heating 326 

temperature was fairly similar in all the batters, with close maximum values of the two moduli. At this 327 

stage, the behavior of the batter is probably dominated by the presence of a protein network. At the 328 

end of the temperature sweep, the increase in temperature also reduced the values of tan δ (values 329 

closer to 0) in a similar fashion (Fig. 2B). The different evolution of the tan δ throughout the 330 

temperature sweep could be indicating the effect of the distinct protein fractions present in the batters, 331 

since they have different structures, molecular properties, and different functional properties.     332 

The non-isothermal kinetic relation based on the experimental data and regression analysis was 333 

determined following the steps described by Rhim et al. (1989) for a linearly increasing temperature 334 

system. In this study, the temperature range selected for the kinetic analysis was the range from the 335 

starting gel point temperature (Tgel: cross-over of G' and G") up to 100 °C, which was therefore 336 

considered as the temperature where G' achieved its maximum value. Data from 100 to 125 °C were 337 

discarded because of their high dispersion, which is related to sample desiccation occurring at higher 338 

temperatures. 339 

The general form for non-isothermal kinetics combining reaction rate, time–temperature profile, 340 

and Arrhenius relationship was described elsewhere (Rhim et al., 1989; Ahmed et al., 2008; Alvarez 341 

et al., 2014). The authors just cited showed that the kinetic relation can be used for gelatinization 342 

kinetics and converted to Eq. (3), and the concentration (C) and change in concentration (dC)  can be 343 

replaced by G' and dG'. The negative sign of kinetic equation is substituted by a positive sign because 344 

of the increase G' during heating (positive dG'). 345 

 346 
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where G' (Pa) and dG'/dt (Pa/s) denote the elastic modulus and the derivative of G' with respect to  349 

time t, respectively, k0 the pre-exponential or frequency factor (Pa(1-n)/s), n the reaction order, Ea the 350 

activation energy (J/mol), T the absolute temperature (K), and R the universal gas constant (8.314 351 

J/mol·K). 352 

In this study, derivatives of experimental data were calculated by sixth-order polynomial fits 353 

approximating the change of G' vs. t (for all the cases, the corresponding mean R2 value was 0.999 ± 354 

0.002) from 25 to 100C. A multiple linear regression was then used with the muffin batter kinetic data 355 

set to determine the order of the reaction (n) after changing the above equation into the following 356 

linear form (Eq. (4)): 357 

 358 
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 360 

The reaction orders obtained from the above equation for muffin batters are shown in Table 2. The 361 

values of the kinetic parameters were derived from the mean curves obtained for each batter. The 362 

100%WF sample showed a reaction order very close to zero, whereas the calculated n values were 363 

closer to one for the muffin batters made with mixtures of both flours. In turn, the n of the above Eq. 364 

(4) was found to be negative for the 100%CF batter. However, the reaction order was further verified 365 

by considering n = 0, and n = 1, in Eq. (3), which confirmed a better fit for zero-order reaction 366 

kinetics in the batters made without mixtures (100%WF and 100%CF), as well as a better fit for first-367 

order reactions in the case of the batters containing both types of flour. For the zero-order reactions 368 

the R2 values were higher than 0.990, except for the 100%CF batter (0.954). However, the 369 

applicability of first-order reaction kinetics for 100%WF and 100%CF batters decreased the goodness 370 

of the fits (0.950 and 0.946, respectively). Consequently, zero-order reaction kinetics was considered 371 

in all five batters in order to compare the values of the kinetic parameters obtained. Zero-order 372 
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reaction kinetics has also been reported for CF slurries in a wide moisture range from 1:5 to 1:2 flour-373 

to-water ratios (Alvarez et al. 2014). 374 

There was an increase in both the lnk0 and the Ea values of the muffin batters with the increase in 375 

the percentage of WF replacement. The magnitude of Ea was 113.4 and 204.4 kJ/mol for the 100%WF 376 

and 100%CF batters, respectively. The lower Ea when there was no CF in the batter implies that it was 377 

more favorable for starch gelatinization and/or protein coagulation occurring at higher temperatures. 378 

According to Ahmed et al. (2008) the significant increase in Ea values of 100%CF batter might also 379 

be attributable to the fact that the starch granules cannot swell to their equilibrium volume because of 380 

limited availability of water. In the 100%CF batter, the higher protein content could also compete with 381 

starch for water influencing and increasing its Ea value. 382 

 383 

Steady-State Shear Measurements 384 

 385 

After reducing the flow time dependence, the flow behavior was also measured in the muffin batters. 386 

Reference to the classification of time-independent flow behavior of fluid foods shows that all the 387 

batters exhibited non-Newtonian shear-thinning behavior, which is a curvature downwards on the 388 

shear rate axis (Alvarez and Canet 2013). Data obtained were fitted to the Casson and Herschel–389 

Bulkley models (Rao 1999). The yield stress value used in the Herschel–Bulkley model was that 390 

obtained by fitting the experimental data to the Casson model, as described by Tárrega et al. (2004). 391 

All batters gave a satisfactory goodness of fit to the Casson model (Table 3), with R2 values ranging 392 

between 0.997 and 0.999. The yield stress values were high – higher than 4 Pa at 100%WF and higher 393 

than 12 Pa at 100%CF – indicating plastic behavior. The high yield stress value obtained at the 394 

highest replacement level shows that the 100%CF sample had a significantly higher initial resistance 395 

to flow, as well as a significantly higher Casson plastic viscosity, indicating the existence of a more 396 

entangled structure in absence of gluten. Higher particle size of CF can affect the muffin batter 397 
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viscosity (Singh et al. 2015). Nevertheless, experimental data fitted better to the Herschel–Bulkley 398 

model, with R2 values ranging between 0.999 and 1.000. At 25C, n was significantly lower and K was 399 

much higher in 100%CF than in the other batters, again indicating greater pseudoplasticity and 400 

consistency of the gluten-free batter under large deformations.  401 

Batter consistency is an important physical property as it is closely related to the final quality of an 402 

aerated baked product. Air incorporation and retention, bubble stability and the generation of 403 

convection currents in the batter during baking are dependent on the initial batter viscosity and on the 404 

evolution of bulk viscosity during heating (Martínez-Cervera et al. 2012a, b). During baking, the 405 

velocity gradient in the batter as a whole will induce convection current at a given moment that 406 

depends on its viscosity, with low batter viscosity resulting in more convection flow (Martínez-407 

Cervera et al. 2011). According to the authors just cited, the increasing viscosity as CF levels rose 408 

could be an unfavorable factor for the quality of the final baked product. Moreover, an excessive 409 

increase in viscosity could lead to problems in handling the batter, in mould filling (metering) and in 410 

cleaning the machinery, or to greater energy expenditure on pumping. Negative effects of replacing 411 

WF with CF could be because of the higher protein, and/or lower starch contents in CF, corroborating 412 

previous findings (Singh et al. 2015).  413 

 For each batter, three-step shear rate tests were carried out. Table 3 shows the values of the 414 

parameters derived from the tests. The original apparent viscosity (ηo) value was highest in the 415 

100%WF batter, agreeing with the more solid-like (elastic) response at small deformations. In turn, 416 

the 100%CF batter had an intermediate ηo value. In contrast, the final apparent viscosity (ηf) value 417 

after restructuring for 600 s was significantly (P < 0.05) higher for the 100%CF batter (Table 3). As a 418 

result, the percentage of viscosity recovery calculated with respect to the η0 value was 83.6% for the 419 

100%WF sample. This percentage increased significantly as the level of WF replacement increased, 420 

being 146.0% for the full amount of replacement. Therefore, the time required to recover 90% of η0 421 

after structure breakdown, it could not be obtained for 100%WF batter, being higher than >600 s. 422 
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However, this time decreased significantly with increasing percentage of WF replacement, and the 423 

lowest value corresponded to the 100%CF sample.  424 

In the CF-based muffin batters shearing increased the final viscosity (Table 3), reflecting atypical 425 

structural reinforcement probably because of further intermolecular aggregation of the protein. 426 

Consequently, from three-step shear rate tests, it seems that as reducing WF by increasing the CF 427 

level, the systems tend to have a shear-thickening flow behavior. In the 100%CF sample, it is possible 428 

that greater protein content could induce and reinforce new intermolecular attractions resulting in a 429 

dilatant system.  430 

Different functional properties of both flours could explain the differences observed. Foam 431 

capacity of protein refers to the amount of interfacial area that can be created by the protein, whereas 432 

foam stability refers to the ability of protein to stabilize against gravitational and mechanical stresses 433 

(Chandra et al. 2015). These authors obtained, for WF, foam capacity and stability values of 12.9 and 434 

1.9%, respectively, but both functional properties increased with decreasing in the proportions of WF 435 

up to 55%. In turn, foam capacities of different CFs varied from 9.6 to 11.5% (Xu et al. 2014). It is 436 

likely that the CF used in this study had much higher foam capacity and stability than the WF, which 437 

could justify the different rheological behavior of both 100%WF and 100%CF batters before and after 438 

shearing under large deformations. A positive relationship between foam capacity and foam stability 439 

was also observed by Chandra et al. (2015). On the other hand, according to the author just cited, 440 

emulsion stability can also be greatly increased when highly cohesive films are formed by the 441 

absorption of rigid globular protein molecules that are more resistant to mechanical deformation.  442 

The three-step shear rate test also provides information on the degree of structural stability. The 443 

highest value of time to recover was obtained for 100%WF sample, which was the most stable batter 444 

to the applied shear strain. Most likely, during shearing, the emulsifying activity of CF was higher 445 

than that of WF. Proteins act as emulsifier mainly because of their surface active properties which are 446 

in turn related to their structural and surface characteristics. Proteins from CF were possibly more 447 
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active due to their great proportion of vicilins and legumins which were reported to possess high 448 

emulsifying properties (Shevkani et al. 2015). The surface activity of CF proteins could be associated 449 

with the formation of interfacial layer causing a higher viscosity (Chandra et al. 2015). 450 

In contrast, under SAOS measurements 100%WF batter had higher viscoelasticity (Table 2) and 451 

also more time stability, exhibiting more elasticity. Recovery time of non-Newtonian fluids depends 452 

on both particle orientation and collision effects during structure rebuilding. It is obvious that the 453 

100%CF sample exhibited the fastest rate of structure rebuilding. The results show that the reduction 454 

or total absence of WF in the batter, i.e. of gluten, significantly accelerates the recovery rate when the 455 

viscosity function is considered alone, without taking the elastic component into account. Bubbles 456 

deformed at high shear rates can either break or coalesce due to the interaction with the flow (Dollet 457 

and Raufaste 2014).  458 

 Applicability of the Cox–Merz Rule was tested. For all the batters, the complex viscosity (η*) 459 

magnitudes in the LVE range, were always higher than the apparent viscosity (ηapp) magnitudes. 460 

Therefore, a power (Eq. (5)) modified Cox–Merz rule was used for evaluation of the rheological 461 

properties (Augusto et al. 2013). 462 

 463 

η*(ω) = α[ηapp )(
.
γ ]β│ω =

.
γ           (5) 464 

 465 

The values of parameters α and β are shown in Table 3, with R2 higher than 0.997 for the 466 

100%WF, 25%CF, and 50%CF batters. Both 75%CF and 100%CF batters exhibited lower R2 (0.967 467 

and 0.980, respectively). The difference between viscosities was highest for 100%WF (highest value 468 

of α). The power indices ranged from 1.19 for 100%WF to 1.48 for 75%CF, indicating that the 469 

relationship between the viscosities was clearly non-linear (β values are not close to 1).  470 

 471 

Other Physical Properties of Muffin Batter 472 
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 473 

An increase in WF substitution produced a decrease in the lightness of the batter and an increase in the 474 

redness and yellowness values (Table 3), that is to say, the batter acquired a more saturated yellowish 475 

color. The a* and b* values were significantly (P < 0.05) higher in the formulations with a higher 476 

degree of WF substitution with CF, reflecting that the reduced-WF muffin batters had a more orangey 477 

color than the 100%WF control. In addition, the ΔE* values were in excess of 3 units for all the 478 

batters when compared with the control, therefore these differences are clearly appreciated by the 479 

human eye (Bodart et al. 2008). Similar results were obtained by Martínez-Cervera et al. (2012a) 480 

when a study was made of the color of low-sucrose muffins in which the sucrose had been totally or 481 

partially replaced by a sucralose:polydextrose mixture. Analogously, the protein content of navy bean 482 

flour had a significant effect on the color of the cakes (Singh et al. 2015). 483 

The retention of air in batters is reflected by the specific gravity (SG) values (Martínez et al. 484 

2013). The effect on SG of WF replacement with CF can be seen in Table 3. For the replacement 485 

levels of 25% and 75%, the SG values were not significantly different from those of the control batter. 486 

A significant increase in SG was found for the 50%CF sample, whereas a significant decrease in SG 487 

was observed for the 100% WF replacement. Lower SG is associated with higher aeration of the batter 488 

(Khalil 1998), indicating a higher capacity to incorporate air bubbles during beating and retain them 489 

(Bath et al. 1992). SG has also been found to decrease in sponge cakes on replacing sucrose with 490 

wheat starch, sorbitol, and aspartame (Baeva et al. 2003), as well as in muffin batter on replacing 491 

either sucrose with sucralose:polydextrose mixtures (Martínez-Cervera et al. 2012a) or fat with 492 

Nutriose (Martínez-Cervera et al. 2013). The authors just cited reported that the volume of the muffins 493 

is determined by the air trapped in the batter, the capacity of the batter to retain this air and the 494 

moment at which starch gelatinization occurs. In this study, the gluten-free batter showed an advance 495 

in starch gelatinization (Table 2), which it could reflect a lower gas retention capacity during heating. 496 

Gas retention depends on the viscosity of the batter (or, rather, the liquid between the bubbles) at 497 
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temperatures at which gas is generated (Martínez-Cervera et al. 2013). Muffin batter in presence of 498 

egg white protein also had the lowest SG, which showed that more air was incorporated and retained 499 

during mixing (Matos et al. 2014). 500 

The TSS content of the muffin batter increased significantly as a result of increasing the 501 

percentage of WF replacement (Table 3), which could be ascribed to higher protein content. The 502 

100%CF batter also had the highest pH. In comparison with the 100%WF and 100%CF samples, 503 

batters made with 25, 50, and 75% WF reduction levels showed significantly (P < 0.05) lower pH and 504 

higher moisture. Higher moisture can be associated with higher water absorption due to the presence 505 

in these batters of two distinct sources of protein and starch. However, there were no significant 506 

differences in the moisture determined in the batters prepared with the 0 and 100% WF reduction 507 

levels. The pH values of the flours in water suspension are important because some functional 508 

properties (mainly related to protein) such as nitrogen solubility and emulsion properties are highly 509 

affected by pH changes. The particle size and protein content both affected the pH of the cake batter 510 

elaborated with navy bean flour, but higher protein contents lowered the pH (Singh et al. 2015).  511 

 512 

Microscopy Images of Muffin Batter  513 

 514 

Micrographs obtained for the control batter, and for the 25, 50, 75, and 100% WF-replaced batters are 515 

shown in Fig. 4. When WF was replaced by increasing quantities of CF, a change in air bubble size 516 

and quantity was observed: the number of larger-diameter air bubbles tended to decrease, and 517 

generally the number of air bubbles present in the batters seemed to increase. In 50%CF and 75%CF 518 

batters, an intermediate size of air bubbles was found. As the percentage of WF substitution increased 519 

until 100%, an increase in the amount of air in the 100%CF batter was observed, in agreement with its 520 

lower SG value. This reduction in bubble size could be the consequence of the lower elasticity of the 521 

WF-reduced batters, favoring bubble buoyancy (Martínez-Cervera et al. 2012a). As the beating 522 
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energy provided to all the batter formulations was the same, a lower elasticity may have allowed the 523 

larger air cells to coalesce and escape while retaining the small ones. Nevertheless, during baking, a 524 

second step takes place: the air cells are expanded by CO2 and the vapor pressure generated, resulting 525 

in the formation of the final gas cells, which influence the texture of the finished product (Matos et al. 526 

2014). In principle, a larger number of small gas nuclei in the batter is a positive factor for final 527 

quality, as it will favor the formation of tiny air cells that can enlarge during baking, which in turn 528 

favors height and volume gain (Martínez-Cervera et al. 2012a, b). One explanation for the greater 529 

number of air bubbles found in the gluten-free muffins is that the early starch gelatinization advanced 530 

batter thermosetting, which favoured bubble retention. More research is needed to get an 531 

understanding of the influence of this higher number of small air bubbles in the batter on the final 532 

quality of the baked muffin.  533 

 534 

CONCLUSIONS 535 

 536 

SAOS measurements indicated that the CF-based muffin batters had greater conformational stability 537 

when the stress was applied and higher tan δ values ( > 1), but lower critical G*max values than the 538 

100%WF control batter, reflecting their lower degree of viscoelasticity. During heating, zero-order 539 

reaction kinetics described the batter gelatinization process well, with activation energies ranging 540 

between 113.4 and 204.4 kJ/mol. In turn, large deformation measurements evidenced a rapid structure 541 

development of the system in absence of gluten. The viscosity from steady-state shear tests tends to 542 

increase in the CF-based muffin batters after shearing by increasing the WF replacement level, which 543 

is associated with a higher protein content causing the reinforcement of the intermolecular interactions 544 

and, therefore, a higher degree of molecular aggregation. The increase in the percentage of viscosity 545 

recovery in the 100%CF gluten-free batter when compared with the control made only with gluten 546 

(from 83.6 to 146%) reflects the different rheological flow behavior shown by both batters. The lower 547 
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SG of the gluten-free batter could favor higher air retention in the baked muffin. Consequently, CF 548 

seems to have potential to replace WF in gluten-free muffins. Future studies will be undertaken to 549 

determine the sensory quality of the baked muffins, linking the rheological properties of the batters 550 

with the functional properties of the proteins and the technological characteristics of the end products. 551 

552 
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FIGURE CAPTIONS 651 

 652 

FIG. 1. MECHANICAL SPECTRA DATA OF MUFFIN CONTROL BATTER AND CHICKPEA 653 

FLOUR-BASED GLUTEN-FREE MUFFIN BATTER. Mean values of nine measurements ± standard 654 

deviation 655 

FIG. 2. STORAGE MODULUS (G') AND LOSS MODULUS (G") (A), AND LOSS TANGENT (tan 656 

δ) (B) AS A FUNCTION OF INCREASING TEMPERATURE IN THE MUFFIN CONTROL 657 

BATTER AND BATTERS WITH WHEAT FLOUR (WF) REPLACED BY DIFFERENT 658 

PERCENTAGES OF CHICKPEA FLOUR (CF). Mean values of nine measurements ± standard 659 

deviation 660 

FIG. 3. OPTICAL MICROSCOPY IMAGES FOR THE CONTROL BATTER (100%WF) AND 661 

BATTERS PREPARED WITH INCREASING QUANTITIES OF CHICKPEA FLOUR (CF) 662 

REPLACING WHEAT FLOUR (WF) (25%CF, 50%CF, 75%CF, AND 100%CF) (×10)  663 
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TABLE 1. FORMULATIONS OF CONTROL MUFFIN BATTER PREPARED WITH 100% OF 664 
WHEAT FLOUR (WF) AND BATTERS PREPARED WITH INCREASING QUANTITIES OF 665 
CHICKPEA FLOUR (CF) AS WF REPLACER 666 
Ingredients 
(g/100 g 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 

667 
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TABLE 2. EFFECT OF WHEAT FLOUR REPLACEMENT ON RHEOLOGICAL PROPERTIES 668 
AND KINETICS PARAMETERS FROM OSCILLATORY TESTS OF THE MUFFIN BATTERS 669 
Rheological parameters 100%WF 25%CF 50%CF 75%CF 100%CF 
σmax (Pa) 0.642±0.01d 0.646±0.01b 0.644±0.01c 0.643±0.01c,d 0.808±0.00a 
γmax  (%) 0.63±0.03c 0.96±0.06a 0.81±0.08a,b 0.76±0.11b,c 0.84±0.03a,b 
G*max (Pa) 102.0±5.3a 67.7±4.2c 80.2±8.0b,c 86.0±11.8a,b 95.8±3.3a,b 
tan δ (-) 0.86±0.05b 1.05±0.06a 1.06±0.15a 1.03±0.08a,b 1.09±0.03a 
Tgel (C) 74.5±4.9a,b 79.0±2.0a 79.4±2.9a 78.0±2.3a,b 69.5±1.4b 
Reaction order (n) 0.19 0.94 0.71 0.70 -1.73 
lnk0 (k0 in Pa(1-n)/s) 36.5 47.1 44.3 47.4 66.9 
Ea (kJ/mol) 113.4 144.7 135.6 145.3 204.4 
Values are given as mean (n = 9) ± standard deviation. 670 
a-dDifferent letters in the same row mean significant differences (P < 0.05) among samples according 671 
to Bonferroni multiple range test. 672 
WF: wheat flour; CF: chickpea flour; σmax: shear amplitude; γmax: strain amplitude; G*max: complex 673 
modulus; tan δ: loss tangent = G"/G'; Tgel: starting gel point temperature (G' – G" cross-over); n: 674 
reaction order; k0: frequency factor; Ea: activation energy. 675 

676 
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TABLE 3. EFFECT OF WHEAT FLOUR REPLACEMENT ON RHEOLOGICAL PROPERTIES 677 
FROM STEADY-STATE SHEAR TESTS AND OTHER PHYSICAL PROPERTIES OF THE 678 
MUFFIN BATTERS 679 
Rheological parameters 100%WF 25%CF 50%CF 75%CF 100%CF 
σ0 (Pa)            4.2±0.5b 4.5±1.6b 3.2±0.3b 4.9±0.7b 12.6±0.8a 
ηC (Pa s)                2.3±0.3c 2.5±0.1b,c 3.0±0.1b,c 3.2±0.4b 4.4±0.5a 
K (Pa sn) 8.6±0.6b 8.6±1.8b 8.7±0.3b 10.0±1.3b 19.9±2.0a 
n    0.76±0.01b,c 0.78±0.03a,b 0.80±0.01a 0.79±0.02a,b 0.73±0.01c 
ηo (Pa s) 51.7±1.6a 38.2±2.4c 34.5±1.6c 35.3±0.2c 45.4±0.9b 
ηf  (Pa s) 43.2±0.1b,c 40.7±1.5b,c 40.2±1.1c 43.6±1.2b 66.3±0.7a 
Viscosity recovery (%) 83.6±2.4d 106.8±6.5c 111.9±3.3b,c 123.5±3.3b 146.0±4.0a 
Time to recover 90% of ηo (s) >600 121±25a 52±3b 26±11b,c 10±1c 
Multiplicative constant, α 1.30 0.78 0.93 0.84 0.83 
Power index, β 1.19 1.34 1.31 1.48 1.24 
L* 66.9±0.1a 66.6±0.2b 62. 7±0.2d 63.2±0.2c 62.5±0.2d 
a* 1.5±0.06d 2.0±0.25c 2.8±0.08b 2.9±0.15b 3.3±0.23a 
b* 14.5±0.1e 19.3±0.3d 23.1±0.3c 24.2±0.6b 25.3±0.3a 
ΔE* 0.0 4.8±0.3d 9.7±0.2c 10.5±0.5b 11.8±0.3a 
SG (g/l) 0.97±0.00b 0.97±0.01b 1.01±0.01a 0.98±0.01b 0.94±0.01c 
TSS [g/100 g (w/w)] 22±0.2c 21±0.3c 25±0.2b 24±0.3b 27±0.5a 
pH 7.8±0.02b 7.7±0.01c 7.5±0.02d 7.5±0.02d 7.9±0.01a 
Moisture (%) 13.3±0.8b 16.2±0.8a 14.8±0.8a,b 17.4±0.6a 13.4±0.8b 

Values are given as mean (n = 9) ± standard deviation. 680 
a-dDifferent letters in the same row mean significant differences (P < 0.05) among samples according 681 
to Bonferroni multiple range test. 682 
WF: wheat flour; CF: chickpea flour; σ0, Casson yield stress; ηC, Casson viscosity; K, Herschel–683 
Bulkley consistency index; n, Herschel–Bulkley flow behavior index; ηo, original apparent viscosity; 684 
ηf, final apparent viscosity after 600 s of recovery; α, β, power model coefficients from modified Cox–685 
Merz rule; L*, luminescence; a*, red color; b*, yellow color; ΔE*, total color difference; SG, specific 686 
gravity; TSS, total soluble solids. 687 
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